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ABSTRACT 


A  study  has  been  made  of  the  solution  variables,  crystal  constants, 
and  system  parameters  which  control  the  growth  of  large  perfect  crystals  of 
refractory  oxides  from  fused  salt  solvents.  A  set  of  formulas  have  been 
developed  for  the  prediction  of  growth  conditions  from  these  fluxes.  Cooling 
rates,  thermal  gradients,  stirring  rates,  and  container  dimensions  have 
been  considered  as  system  parameters.  Solubilities,  diffusion  constants, 
viscosities,  interfacial  surface  energies,  solution  and  crystal  densities, 
and  solute  radii  have  been  considered  as  independent  variables.  The 
formulas  have  been  applied  to  the  prediction  of  crystal  growing  conditions 
for  the  production  of  sapphire  and  ruby  from  a  lanthanum  fluoride -aluminum 
oxide  flux.  The  study  included  experimental  determinations  of  the  densities 
and  viscosities  of  the  lanthanum  fluoride -aluminum  oxide  flux  and 
experiments  upon  the  solubility  of  aluminum  oxide  in  this  flux. 

Results  from  the  program  indicate  that  past  and  present  difficulties 
with  the  fused  salt  technique  of  crystal  growth  have  been  caused  primarily 
by  hydrodynamic  factors  which  may  be  overcome  by  detailed  planning  of 
experimental  growth  conditions. 
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INTRODUCTION 


This  is  the  final  report  on  Contract  No.  AF  19(628) -5656.  The  work 
on  this  contract  has  been  directed  to  solution  studies  on  fused  salt  systems 
in  order  to  provide  information  for  the  growth  of  sapphire  and  ruby  crystals. 

The  work  included  a  library  search  of  the  available  flux  systems  for  the  growth 
of  sapphire,  ruby,  and  spinel,  the  design  and  construction  of  equipment  for 
measuring  the  variables  on  a  representative  system,  and  estimates  of  the 
sizes,  shapes,  and  temperature  gradients  necessary  for  flux  growth  from  the 
system.  The  research  effort  reported  here  has  been  confined  to  flux  systems 
and  growth  procedures  suggested  by  the  AFCRL  Project  Officer.  The  flux  systems 
were  chosen  from  a  number  which  had  undergone  preliminary  evaluation  in  the 
AFCRL  Crystal  Physics  Laboratories. 

While  the  stated  scope  of  the  effort  was  confined  to  fused  salt  systems 
for  the  growth  of  ruby  and  sapphire,  the  basic  aim  of  the  research  effort  was 
to  develop  general  methods  for  defining  growth  conditions  for  any  single 
crystalline  material  grown  from  a  fused  salt  solvent.  Such  general  methods 
are  needed  to  utilize  the  large  number  of  new  fluxes  (solvents)  and  new  crystalline 
materials  recently  discovered  (Ref.  1). 

Crystal  grower's  objections  to  the  flux  method  are  based  on  its  tendency 
to  produce  small  crystals  having  solvent  inclusions.  These  crystals  are  often 
twinned  and  may  be  inhomogeneously  doped.  The  program  described  here 
sought  o  understand  the  reasons  for  these  results  and  to  provide  means  for 
overcoming  them. 

The  specific  objectives  of  the  study  were: 

1.  To  understand  the  controlling  mechanisms  of  growth. 
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2.  To  understand  and  eliminate,  if  possible,  the  causes 
of  multiple  nucleation. 

3.  To  determine  the  cooling  rates  and  temperature  gradients 
needed  for  the  efficient  generation  of  supers aturation. 

4.  To  determine  under  what  conditions  free  convective  flow 
occurred  in  the  growth  apparatus. 

5.  To  determine  the  conditions  for  crystal  growth  without 
solvent  inclusions. 

Although  fused  salt  solvents  have  been  used  to  grow  single  crystals 
of  refractory  oxides  for  more  than  a  hundred  years,  techniques  have  been 
developed  empirically  and  little  application  of  crystal  growth  theory  to  the 
fused  salt  method  can  be  found  in  print.  Laudise  summarized  the  current 
theory  and  techniques  of  crystal  growth  from  molten  salt  solvents  in  1963 
(Ref.  2)  reporting  the  development  of  theory  almost  exclusively  in  terms  of 
the  temperature  dependence  of  solubility.  The  theoretical  problems  of  absolute 
rates  of  growth,  nucleation,  and  inclusion  formation  of  solution  grown  crystals 
were  not  discussed  in  Laudise's  review.  Information  concerning  these 
theoretical  problems  had  not  been  previously  published. 

In  this  report,  the  physical  models  which  have  been  previously  used 
to  describe  and  understand  crystal  growtn  processes  in  aqueous  and  organic  solvents 
are  reviewed  and  the  equations  which  arise  from  these  models  are  stated  in 
terms  useful  to  crystal  growth  from  fused  salts.  Finally,  these  equations 
are  applied  to  a  specific  flux  system. 

The  physical  data  about  flux  systems  which  are  needed  as  inputs  to 
the  equations  have  been  sought  by  recourse  to  the  literature  or  by  direct 
measurement.  These  include  the  solubility  and  su^rsolubility  data  for  the 
nutrient  liquid,  and  the  properties  of  the  fused  salt  which  control  diffusion 
and  hydrodynamic  flow,  such  as  the  viscosity,  density,  and  the  change  of 
density  with  temperature.  The  effort  required  to  obtain  necessary  data  for 
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calculations  has  been  extensive.  In  addition,  solubility  data  have  been 
supplied  by  the  AFCRL  Project  Officer. 

The  report  is  organized  about  the  theoretical  analysis.  Crystal  growth 
theory  is  discussed  in  Section  II,  measurement  techniques  in  Section  III, 
necessary  flux  data  in  Section  IV,  the  results  of  applying  current  theory  to 
a  specific  flux  system  in  Section  V,  and  conclusions  and  recommendations 
in  Section  VI. 

The  quarterly  progress  reports  for  the  entire  period  of  the  contract  are 
given  in  the  Appendix  to  this  report. 


II.  THEORETICAL  BACKGROUND 

2. 1  Introduction 

Although  many  materials  can  only  be  produced  in  single  crystal 
form  by  growth  from  fused  salt  solvents,  crystal  growers  have  the  opinion  that 
it  is  difficult  to  grow  good,  large  crystals  by  this  method.  This  opinion  is 
supported  by  extensive  evidence.  The  customary  result  of  a  fused  salt  crystal 
growth  experiment  is  a  large  crop  of  small  crystals,  some  perfect  and  a  few 
medium  size  crystals  with  flaws.  A  substantial  increase  in  the  size  and  perfection 
of  the  crystals  requires  far  more  time  and  effort  for  the  fused  salt  technique  than 
for  competitive  growth  techniques.  Because  of  this,  fused  salt  methods  are  often 
abandoned  when  single  crystals  can  be  grown  by  other  means.  The  difficult 
character  of  the  fused  salt  technique  is  best  revealed  by  the  fact  that  hydrothermal 
single  crystal  growth  can  often  be  accomplished  with  greater  ease  and  success 
than  growth  by  fused  salt  methods. 

The  small  size  and  imperfections  of  fused  salt  crystals  stem  from  unsuitable 
conditions  in  the  crystal  growth  system.  The  conditions  needed  tor  good  crystal 
growth  in  these  solvents  must  be  more  limited  than  the  conditions  needed  for 
crystal  growth  from  aqueous  and  organic  solvents  but  the  reason  for  the  limitations  is 
hard  to  identify.  The  unique  characteristic  of  a  fused  salt  solvent  is  that  growth 
occurs  from  a  diluted  source  material  with  driving  forces  reduced  by  the  high 
temperatures.  This  is  shown  clearly  by  the  expression  for  the  free  energy  available 
for  effecting  crystal  growth, 

AH 

AF  =  — r1—  AT  =  R  T  In  c/c  =  R  T  In  s  (0 

T  o 

o 

where 

AF  is  the  free  energy  available  for  effecting  crystal  growth 
( cal/mole ) 
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AHj  is  the  enthalpy  of  crystallization,  the  heat  of  fusion 
( cal/mole ) 

AT  is  the  temperature  difference  caused  by  undercooling  ( °K ) 

T  is  the  temperature  of  the  solution  where  crystal  growth 

,o  . 

is  occurring  (  K) 

Tq  is  the  equilibrium  temperature  of  the  solution  (°K) 

c  is  the  concentration  of  supersaturated  solute  (moles/ unit 
volume) 

cq  is  the  saturation  concentration  at  Tq  ( moles/  unit  volume) 
and 

s  is  the  supersaturation  ratio,  c/cq 

As  Tq  increases,  the  value  of  AH/Tq  decreases.  A  change  from  30Q°K  to 
1750  K  (1477  C)  causes  this  ratio  to  decrease  by  a  factor  of  nearly  six,  lowering 
the  free  energy  available  for  producing  crystal  growth  by  the  same  amount.  The 
effect  of  the  increased  temperature  is  even  more  pronounced  in  terms  of  the 
supersaturation  ratio,  c/cq,  whose  logarithm  depends  on  the  inverse  square  of 
the  temperature.  For  the  growth  of  aluminum  oxide  crystals  (AH^  =  26000 
cal/mole)  an  undercooling  (AT)  of  1°  at  3^0^  (27°C)  corresponds  to  a  super- 
saturation  ratio  (c/cq)  of  1. 155,  whereas,  at  1750°K  (1477°C)  an  undercooling 
of  1°  corresponds  to  a  supersaturation  ratio  of  1.  004  .  An  undercooling  of  almost 
34°C  is  required  at  1750°K  (1477°C)  to  produce  the  supersaturation  ratio  which 
would  be  produced  by  a  1°  undercooling  at  300°K  (27°C),  all  other  factors  being 
equal. 

This  reduction  in  the  driving  energy  available  for  crystal  growth  and  the 
production  of  smaller  supersaturation  ratios  by  given  undercoolings  limits  the 
available  crystal  growth  processes  in  fused  salt  solutions.  Perhaps  the  most 
significant  effect  is  the  preference  given  to  the  screw  dislocation  mode  of  crystal 
growth  over  alternate  growth  modes.  This  in  turn  fixes  the  absolute  growth  rate 
and  determines  the  rate  at  which  supersaturation  should  be  generated  at  the 
crystal  face. 


Other  aspects  of  the  fused  salt  method  while  presenting  practical 
difficulties  should  not  cause  special  limitations  in  the  required  crystal 
growing  conditions.  To  be  sure,  the  technology  is  demanding  because  of  the 
high  temperatures  and  the  corrosive  nature  of  the  fused  salt  solvents.  Never¬ 
theless,  a  similar  technology  is  required  for  the  Czochralski  growth  technique 
by  which  excellent  crystals  can  often  be  grown  with  only  a  reasonable  research 
and  development  effort.  Limitations  upon  required  growth  conditions  cannot  be 
attributed, in  general,  to  the  nature  of  the  fused  salt  solvents.  Ionic  liquids; 
which  form  the  majority  of  fused  salt  fluxes,  are  typical  liquids  not  greatly 
different  from  molecular  liquids  such  as  water  and  benzene  with  respect  to  surface 
tension,  viscosity,  refractive  index,  and  often  density  (Ref.  3).  Molten  salts 
generally  differ  from  conventional  liquids  only  in  their  freezing  points  and  con¬ 
ductivities.  The  main  difference  between  the  structure  of  molten  salts  and 
molecular  liquids  arises  from  the  necessity  of  arranging  oppositely  charged 
particles  in  nearest  neighbor  shells  in  the  molten  salts  (Ref.  3).  This  does  not 
apparently  hinder  the  growth  of  large  perfect  crystals  of  these  materials  when 
Czochralski  or  Stockbarger  techniques  are  applicable,  i.  e. ,  when  the  molten 
salts  do  not  serve  as  solvents  for  the  crystallizing  solid  but  form  single  crystals 
themselves. 

The  differences  between  crystal  growth  from  fused  salt  solvents  and  other 
methods  of  crystal  growth  generate  two  groups  of  problems  for  the  crystal  grower. 
The  first  contains  problems  of  technique  arising  from  the  methods  which  must  be 
used  to  generate  the  supersaturated  state  and  transfer  it  to  the  face  of  the  growing 
crystal.  The  stcond  group  contains  experimental  and  theoretical  problems  of 
crystal  growth  such  as  nucleation,  growth  rates,  and  crystal  perfection.  These 
problems  of  crystal  growth  are  approached  through  the  concept  of  supersaturation 
as  a  driving  force  for  the  formation  of  crystalline  material.  The  two  major  groups 
of  problems  are  inextricably  entangled  for  the  techniques  of  generating  super¬ 
saturation  often  control  the  nucleation  and  growth  rates. 
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The  establishment  of  a  proper  supersaturated  state  at  the  growing  face 
of  the  crystal  is  the  major  problem  of  technique.  Supersaturation  is  an  unstable 
condition  disappearing  by  either  the  deposition  of  solute  as  bulk  crystalline 
material,  or  by  the  generation  and  growth  of  crystal  nuclei.  In  order  to  grow 
crystals,  means  must  be  found  to  ensure  a  continual  replenishment  of  super¬ 
saturation.  In  addition,  supersaturated  solution  must  be  brought  through  the 
solution  to  the  crystal  face.  The  success  with  which  this  bulk  transfer  is 
effected  also  determines  the  size  and  quality  of  the  crystals. 

Several  methods  are  available  for  the  generation  of  supersaturation  in 
fused  salt  fluxes.  They  depend  on  deliberate  changes  in  solution  conditions 
which  take  place  in  times  shorter  than  those  required  to  initiate  precipitation. 

The  techniques  customarily  employed  with  fused  salts  are:  (1)  growth  by  slow 
cooling  allowing  multiple  nucleation,  (2)  growth  on  a  seed  crystal  using  slow 
cooling,  and  (3)  growth  on  a  seed  crystal  using  thermal  gradients  to  transfer 
solute  from  polycrystalline  nutrient  to  the  seed.  Each  uses  the  change  of 
solubility  with  temperature  to  create  the  supersaturation  necessary  for  crystal 
growth.  The  alternate  method  of  producing  supersaturation  by  local  evaporation 
of  solvent  is  used  only  infrequently  in  fused  salt  growth.  Theories  which  relate 
cooling  rates  and  temperature  gradients  to  the  creation  or  loss  of  supersaturation 
are  available  or  can  be  devised  for  each  of  the  generation  techniques.  Theories 
which  describe  the  conditions  for  the  bulk  transfer  of  supersaturated  solution  to 
the  crystal  are  not  so  readily  available  but  estimates  of  these  conditions  can  be 
developed  from  heat  flow  considerations. 

Absolute  growth  rates,  crystalline  perfection,  and  nucleation  form  the 
subject  matter  of  the  crystal  growth  problems.  Models  are  required  which  show 
how  supersaturation  affects  the  formation  of  stable  clusters  of  precipitating 
molecules  and  the  rate  of  incorporation  of  solute  into  a  growing  crystal.  Although 
almost  no  specific  information  has  been  reported  about  the  degree  of  supersaturation 
required  for  crystal  growth  in  fused  salt  melts,  the  degree  of  supersaturation 
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required  for  creating  fresn  two  dimensional  monolayers  of  molecules  on  a 
“saturated"  crystal  face  is  said  to  be  at  most  one  percent  (Ref.  4)  and  may 
be  much  less.  A  larger  degree  of  supersaturation  is  required  for  the  self- 
nucleation  of  new  crystals.  The  relationships  of  the  supersaturations  needed 
for  growth  and  nucleation  to  the  other  properties  of  the  crystal  and  the  solution, 
such  as  the  crystal  surface  energy  and  diffusion  constant  of  the  solute,  is 
Important  in  understanding  the  limits  of  particular  crystal  growing  systems. 

In  the  following  section,  an  initial  attack  is  begun  on  the  general 
problem  of  using  available  crystal  growth  theories  to  develop  better  crystal 
growth  procedures  for  fused  salt  solvents.  The  problems  which  are  discussed 
have  been  limited  to: 

1.  The  relationships  between  the  supersaturation  requirements 
for  crystal  growth  and  the  experimental  parameters  used 

to  control  super saturati on. 

2.  The  rates  at  which  different  modes  of  growth  occur  and 
the  conditions  under  which  growth  may  be  heat  limited. 

3.  The  temperature  differences  and  the  distances  within  the 
growth  chamber  which  are  needed  to  create  convective 
flow. 

4.  The  maximum  sizes  of  crystals  which  can  be  grown  without 
flaws  under  particular  experimental  conditions. 

5.  The  conditions  which  give  uniform  dopant  distributions  in 
the  growing  crystal. 

The  fused  salt  fluxes  have  been  left  unspecified  in  these  discussions 
but  the  crystalline  precipitates  used  for  sample  calculations  have  been  restricted 
to  sapphire  and  ruby  (aluminum  oxide) . 
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2.  2  Practical  Rates  for  the  Generation  of  Supersaturation 


The  relationship  between  growth  rates  and  the  experimental 
conditions  used  to  generate  supersaturation  has  been  given  by  Laudise  (Ref.  2) 
for  the  slow  cooling  methods  of  fused  salt  crystal  growth.  A  similar  expression 
can  be  derived  for  the  thermal  gradient  technique  by  straightforward  changes  in 
Laudise' s  equation.  These  formal  expressions  state  that  the  information  needed 
by  the  crystal  grower  for  designing  an  efficient  system  is  the  change  of  solute 
solubility  with  temperature,  the  absolute  growth  rate  of  the  crystal,  the  area  of 
the  growing  face,  and  the  mass  of  the  melt  which  is  active  in  the  growth  process. 


For  the  slow  cooling  method  of  generating  supersaturation,  the  rate  of 
growth  of  the  seed  crystal  is  assumed  equal  to  the  gms  of  solute  precipitated 
as  the  solution  is  cooled.  This  assumes  that  all  supersaturation  will  be  dis¬ 
charged  at  the  growing  face  of  the  crystal.  The  rate  is: 


_M_ 


A  P  p 
c  s 


\  dT  /  \  dt  /  w 


(2) 


where 


sc 


A 

4X 

dt 


is  the  rate  of  growth  of  a  crystal  face  (cm/ hr  )  for  a 

slow  cooling  method  of  effecting  supersaturation 

2 

is  the  area  of  the  growing  face  (cm  ) 
is  the  cooling  rate  (°C/hr) 


dco 

"Tr-  is  the  change  in  solubility  of  the  solute  per  degree 
dT  7  o 

(  moles/cm^  C) 

Pc  is  the  density  of  the  crystal 

Pg  is  the  density  of  the  salt  and  solute  melt 

Fw  is  the  molecular  weight  of  the  solute  (gms/mole) 

and 

M  is  the  total  mass  of  the  melt  (gms) 
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\ 
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When  supers  aturation  is  accomplished  by  the  thermal  gradient  method, 
the  product 

m(So  s- 

is  replaced  with 

f )  AT  (4) 


/AC. 

m  Vat 


where  Ac  is  the  finite  change  in  solubility  caused  by  traversing  the  temperature 
o 

drop,  AT.  The  expression  for  dr/dt  becomes: 

Ac 

)  =  — E - 

dt 


(f)  - 

tg 


Ap  p 
c  s 


AT 


AT 


w 


(5) 


where 


(t) 

tg 


m 


is  the  rate  of  growth  of  a  crystal  face  for  the  thermal 

gradient  method  of  effecting  super  saturation 

is  the  mass  of  melt  swept  by  the  crystal  face  per  hour 


and  the  other  quantities  have  been  defined  above. 


From  equations  (2)  and  (5),  it  is  clear  that  the  cooling  and  mass  transfer 
rates  required  for  efficient  crystal  growth  can  be  calculated  if  the  solubility 
curve  and  crystal  growth  rate  are  known.  These  parameters  establish  upper 
bounds  on  the  rate  at  which  supersaturation  should  be  generated  in  the  crystal 
growing  system.  If  supersaturation  is  generated  faster  than  the  crystal  face 
can  grow  or  bulk  transfer  can  take  place,  homogeneous  nucleation  may  occur  and 
multiple  growth  sites  may  become  available.  By  distributing  the  total  available 
solute  over  a  number  of  growth  sites,  the  maximum  crystal  mass  possible  for  any 
site  will  then  be  correspondingly  reduced. 

Information  about  the  change  of  solute  solubility  with  temperature  is  best 
obtained  by  measurement.  When  data  are  not  available  the  slope  of  the  solubility 
curve  can  be  estimated  from  thermodynamics  if  the  system  is  assumed  to  follow 
the  laws  of  an  ideal  solution.  The  required  relation  in  terms  of  mole  fraction  of 
solute  is: 


-If  -AC'  'V  vj  ■  vaniy*  •  - ..  .3-1,  y 
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Vus:- 

-v.v 


L 


where 


JSL 

dT 

X 


AH. 


and 


J2L  . 

dT 


=  X 


is  the  change  in  the  mole  fraction  of  solute  per  degree 
is  the  mole  fraction  of  solute  (moles  solute/moles 
solvent  and  moles  solute) 

is  the  enthalpy  of  fusion  of  the  solute  per  mole  (cal/mole) 
is  the  absolute  temperature  of  the  molten  sol  'ent  (°K) 

is  the  gas  constant  (cal/°K  mole) 


(6) 


This  expression  can  be  converted  into  practical  units  of  solubility 
(moles/cm'*)  for  specific  systems. 


The  prediction  of  crystal  growth  rates  from  theory  has  been  reviewed  by 
a  number  of  authors  (Ref.  5,  6,  7,  8)  and  theoretical  expressions  for  these 
rates  are  available.  While  the  theory  is  sometimes  incomplete,  it  can  often 
be  combined  with  the  data  from  actual  growth  experiments  to  predict  the 
direction  in  which  system  parameters  should  be  changed  to  improve  results. 

The  applicable  theoretical  expressions  for  growth  rate  are  reviewed  in  the  next 
section. 


\ 


I 


f  ] 
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2.  3  The  Prediction  of  Growth  Rates 

The  processes  which  determine  the  growth  rates  of  crystals  have 
been  reviewed  by  both  Hillu*  and  Nielsen  (Ref.  5,  6).  These  comprise  diffusional 
transport,  surface  reactions  by  which  the  solute  is  incorporated  into  the  crystal 
(screw  dislocation  growth,  mononuclear  growth  and  polynuclear  growth)  and  the 
removal  of  the  heat  of  precipitation  from  the  growing  surface.  In  order  to 
estimate  the  growth  rate  for  any  specific  flux  and  temperature  combination,  it 
is  necessary  to  determine  which  of  these  processes  is  controlling. 

The  growth  rate  determined  by  any  of  the  processes  can  be  calculated 
from  the  physical  properties  of  the  crystal  and  solution  if  these  are  known. 
Complete  data  are  usually  lacking  for  the  crystal  growth  systems  of  interest, 
but  it  is  often  possible  to  make  valid  estimates  or  approximations  for  much  of 
the  missing  information.  Usually  the  most  important  piece  of  missing  data  and 
the  one  most  difficult  to  estimate  is  the  value  of  the  interfacial  surface  energy 
between  crystal  and  flux.  The  surface  energy  of  the  solid  which  is  desired,  is 
the  surface  energy  which  it  possesses  in  the  melt,  .  This  is  related  to  the 
surface  energy  of  the  solid  in  vacuum  or  an  inert  atmosphere  by  the  relation. 


cr  =  <r  -  «r,  COS  9 
sl  sv  lv 


where 


is  the  surface  energy  of  the  solid  in  the  liquid 
is  the  surface  energy  of  the  solid  with  respect  to  an 
inert  atmosphere  or  vacuum 

is  the  surface  energy  of  the  liquid  (flux)  with  respect 
to  an  inert  atmosphere  or  vacuum 


is  the  angle  between  the  solid  surface  and  the  tangent 
tc  the  liquid  surface  at  the  contact  point 


When  complete  wetting  occurs,  5  =  0,  and  equation  (5)  becomes 


<r 


si 


O’ 

sv 


lv 


(6) 


For  most  fused  salt  growth  systems,  only  the  value  of  <r  is  available  for 
use  in  calculations. 


The  uncertainties  which  come  into  the  calculation  of  growth  rates 
because  measured  data  are  not  available  for  all  the  necessary  crystal  and 
solution  properties  can  usually  be  reduced  by  computing  the  ratios  of  growth 
rates.  If  the  ratio  of  the  rates  for  two  different  growth  processes  is  computed 
or  the  conditions  unde,  which  the  rates  for  the  two  processes  are  equal  are 
compared,  unknown  but  indentical  solution  constants  often  cancel.  By  this 
technique,  the  regions  where  each  rate  is  controlling  can  be  established  and 
the  desired  crystal  growth  conditions  can  be  identified  when  basic  data  are 
lacking. 


The  expressions  for  the  growth  rates  as  given  by  Nielsen  (Ref,  6)  have 
been  used  for  comparative  estimates  of  the  growth  rates  of  aluminum  oxide 
from  fused  fluxes.  The  expressions  have  been  converted  to  a  molar  system  of 
units  by  dividing  the  number  concentrations  and  ionic  or  molecular  volumes 
used  by  Nielsen  by  Avogadro's  number.  The  expressions  for  the  rates  are: 

1.  Screw  Dislocation  (surface  spiral  steps) 


/dr  \  _  Deg  AS^  AT^ 

W  ’  20o-  RT 

sd 

2.  Mononuclear  Growth  (surface  nucleation  with  one 
surface  nucleus  per  molecular  or  ionic  layer) 

/dr  \  4  Dr^gN  /  AG'*  N  \ 

W  /  V  SXP\  RT  / 

m 


(9) 


(10) 
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where 


Polynuclear  Growth  (surface  nucleation  with 
several  intergrowing  surface  nuclei  per  layer) 


vdt  /„ 


DV1/3(c  -  cQ)2/3g  Nl/3exp 


AG'*N 


Diffusion  (the  growth  rate  being  controlled  by 
diffusional  transport  through  the  solution) 


(a 


DV  (c  -  Cq) 


AS  is  the  entropy  of  precipitation  AH./T  (cal/mole  K) 

I  G 

T  is  the  temperature  where  the  solubility  is  equal  to 
o 

o 

the  actual  concentration  (  K) 

AT  is  T  -  T 

o 

r  is  the  radius  of  the  crystal  (cm) 

2  , 

D  is  the  diffusion  coefficient  of  the  solute  (cm  /.«jc) 

3 

V  is  the  mean  ionic  volume  of  the  solute  (cm  Auole) 

c  is  the  concentration  of  the  solute  (moles/cm3) 

c  is  the  equilibrium  solubility  at  T  (moles/cm3) 
o  o 

(r  is  the  interfacial  surface  tension  between  crystal 

2 

and  solution  (cal/cm  ) 

/3'  is  a  geometrical  constant,  /3'  is  w  for  circular  and 
4  for  square  nuclei 

jS'o -2v4/"3 

AG’*  T  — - - 

AS  AT  N1/3 

O  O 

N  is  Avogadro's  number,  6.02  x  10 


is  a  factor  that  expresses  any  activation  energy  for 
transfer  of  an  ion  from  the  solution  into  the  crystal 
lattice  in  excess  of  normal  transport  activation  energy 
in  the  solution 


The  factor  g  as  used  by  Nielsen  (Ref.  7),  is  difficult  to  identify.  Presumably, 
it  is  an  exponential  correction  to  the  diffusion  constant,  D,  which  applies 
during  the  transfer  of  solute  from  solution  to  solid. 

Thus,  AF*^ 

dis  =  D,oi exp  (-  -tt~)  <i4> 

where 


D.  is  the  diffusion  constant  for  diffusion  from  the 

Is 

solution  to  the  solid 

D  ,  is  the  diffusion  constant  of  the  solute  in  the 
sol 

solution 

AF*js  is  the  excess  free  energy  of  activation  for  a  molecule 
or  ion  of  solute  diffusing  from  the  solution  to  the  solid 
over  the  energy  required  for  diffusion  in  the  solution 


AF* 


AH 


sol 


where  AH^  is  the  partial  molar  heat  of  solution  of  the  diffusing  molecule  or 
icn.  Nielsen  states  that  for  strongly  solvated  aqueous  ions  at  room  temperature 
g«l  .  However,  for  fused  salt  fluxes,  the  increased  temperature  where  fluidity 
occurs  act  to  drive  the  value  of  g  toward  unity.  For  a  fused  sax*.  flux  at  1750°K 
(1477°C)  the  logarithm  of  g  is  smaller  by  the  factor  ( b .  8) ,  (300/1750  equals 
1/5.  8  )  from  the  logarithm  at  300°K. 


If  the  value  of  dr/dt  is  computed  for  the  screw  dislocation  process 
-5  2 , 

using  a  value  of  D  of  10  cm  /sec  which  is  representative  for  fused  salt 
melts  (Ref.  9,  10)  a  value  of  AS  equal  to  the  heat  of  fusion  of  aluminum  oxide 
(Ref.  11)  divided  by  a  temperature  of  1750°K  (1477°C),  a  value  of  cr  of 

_5  2 

2. 16  x  10  k  cal/cm  ,  the  value  of  the  surface  energy  of  aluminum  oxide  in 
vacuum  (Ref.  8)  multiplied  by  a  constant,  k,  which  corrects  for  the  probable 
lower  value  in  solution,  the  value  of  dr/dt  becomes: 


dr  \  5.  25  eg  AT  .  ,  /,  a 

—  I  =  - —  (cm/hr)  l1 5) 

dt  /  k 

'sd 
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Using  the  value  of  the  surface  energy  employed  in  the  calculation  of  the 
screw  dislocation  rate,  a  value  of  4  for  0*  and  a  value  of  V  of  25.  5  cmVmole 
(Ref.  12)  the  growth  rate,  dr/dt  fc<-  a  mononuclear  growth  process  on  aluminum 
oxide  at  1750°K  (1477°C)  is: 

/dr\  _  8390k2 

—  I  =  3.4x10  rg  10  -  (cm/hr)  (16) 

Wm  AT 

If  the  rates  for  the  mononuclear  growth  process  and  the  screw  dislocation 
process  are  equated,  it  is  found  that  for  a  crystalline  surface  energy  equivalent 
to  that  of  aluminum  oxide  in  vacuum,  (k=l)  an  undercooling  of  greater  than  400°C 
is  necessary  to  make  the  two  rates  equal  for  crystals  1  mm  or  more  in  radius, 
whereas,  an  undercooling  of  about  4°  is  necessary  for  equti  rates  if  a  crystalline 
surface  energy  one-tenth  that  of  the  surface  energy  in  vacuum  is  used  (k  =  0. 1). 

i 

i 

The  same  calculations  applied  to  the  polynuclear  growth  rate  expression 

show  that  if  the  crystalline  surface  energy  equals  that  of  aluminum  oxide  ir. 

vacuum,  (k=  1)  the  polynuclear  growth  rate  will  never  equal  the  screw  dislocation 

rate  at  any  undercooling,  whereas,  If  the  surface  energy  is  one-tenth  that  of 

o 

vacuum,  an  undercooling  of  about  6  C  makes  the  two  rates  equal. 

> 

Finally,  if  the  same  values  of  solution  and  crystalline  properties  are 
substituted  in  the  data  for  diffusion  growth, 


( c  -  c  ) 

0.92  - -  (cm/hr) 

r 


For  a  1  mm  crystal,  the  diffusion  rate  becomes 


c 

o 


)  (cm/hr) 


(17) 


(18) 


The  value  of  c  -  cq  is  not  independent  of  the  undercooling  if  the  values 
for  c  are  calculated  from  the  expression 


AH. 

- -  AT  =  R  Tin  c/c 

j  o 

o 
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(1) 


A  value  of  c/c  of  1.0043  is  found  for  1°C  undercooling,  1. 043  for  10°C 
o 

undercooling  and  1.  531  for  100  C  of  undercooling.  A  1  mm  crystal  of 

aluminum  oxide  growing  by  the  diffusion  process  h3S  a  rate  of  growth  at 
o 

10  C  undercooling  of. 


9. 2  x  0.  043  c 

o 

0.  396  c  (cm/hr) 


(19) 


o 

It  may  be  concluded  that  the  screw  dislocation  mechanism,  if  operable, 
provides  the  fastest  rate  of  growth  in  fused  salt  fluxes  for  undercooling  of 
4°C  or  less,  the  mononuclear  and  polynuclear  mechanisms  comparable  or 
greater  rates  for  undercoolings  of  5  or  10°C  and  crystalline  surface  energies 
one-tenth  that  of  vacuum.  If  the  interfacial  surface  energy  is  equal  to  that 
of  vacuum,  then  pure  diffusion  growth  is  probably  the  fastest  growth  process 
for  very  small  crystals  and  the  screw  dislocation  growth  rate  the  fastest  for 
large  crystals  and  undercoolings  up  to  100°C. 


The  rate  of  growth  determined  by  heat  flow  has  been  calculated  for 
metals  by  several  authors  (Ref.  13, 14, 15).  A  satisfactory  approximate 
expression  for  slow  steady-state  heat  flow  controlled  growth  in  a  nonmetallic 
liquid  is  given  by  Hillig  (Ref.  5) .  This  is  derived  from  the  defining  equation 

Rate  of  beat  liberated  by  Rate  at  which  heat  flows  from 

precipitating  crystal  per  =  the  interface  between  crystal 
unit  area  and  solution  per  unit  area 


Using  symbols,  equation  (19)  may  be  wutten: 


(20) 
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where 


n»*r  f 


AH 

v 


Y 

G 

K 


T 


i 


and 


is  the  rate  of  crystal  growth  (cm/sec) 

is  the  heat  of  crystallization  per  unit  volume 

(cal/cm'*) 

is  a  characteristic  length  for  the  advancing 
interface,  such  as  its  radius  of  curvature  (cm) 
is  a  geometrical  constant  of  order  unity 
is  the  thermal  conductivity  of  the  crystal  if  heat 
flows  away  through  the  crystal, or  the  solution, 
if  the  heat  flows  through  the  solution  (cal  -  cm/ 
sec  cm  K  ) 

is  the  temperature  at  the  interface  between  crystal, 
and  solution  (  K) 


T  is  the  temperature  of  the  thermostat  in  which  the 

CO 

system  is  placed,  the  wall  of  the  crucible  for 
precipitation  on  a  crucible  wall  (°K) 


The  rate  of  crystal  growth  for  a  heat  controlled  process  is  then. 


(  dr\ 

GK 

/  \ 

Whr 

YAH 

V 

(Ti  -  TJ 

(21) 

Data  on  the  thermal  conductivity  of  ionic  melts  is  almost  completely 
lacking  (Ref.  16).  Values  of  thermal  conductivity  for  single  crystal  sapphire 
(Ref.  17, 18)  indicate  that  a  value  of  0.  02  cal  -  cm/ sec  cm  °K  will  not  be 
exceeded  above  1000°C.  Since  thermal  conductivity  in  ionic  melts  and  solids 
at  temperatures  between  1000°C  and  2000°C  is  primarily  carried  out  by  phonon 
conduction  processes,  the  value  of  0.02  cal  -  cm/ sec  cm  K  should  also 
represent  an  upper  bound  for  the  fused  salts  in  which  the  aluminum  oxide  is 
dissolved. 
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The  value  of  AH  for  aluminum  oxide  may  be  taken  as: 
v 


26,000 
25.  5 


=  1020  cal/cmy 


If  the  values  of  K  and  AHv  are  inserted  into  equation  (21),  the  rate  of  growth, 
V,  for  a  heat  flow  controlled  growth  process  is: 


(*•)  *  1.96  x  lo’5  —  (t  -  T  )  (cm/sec) 
Whf  Y  V  1  00/ 


r  . 

(*1 


7.05  x  10 


—  (t  -  T  ) 
Y  '  i  00' 


(cm/hr) 


When  the  rates  of  growth  determined  by  the  two  processes,  screw 
dislocation  surface  reaction  and  heat  flow,  are  compared  by  taking  the  ratio 
of  one  to  the  other,  the  resulting  expression  is: 

(— ) 

'  dt '  hf  rate  controlled  by  heat  flow 

(77)  rate  controlled  by  screw  dislocation 


7.05  x  10"2  Y  (t  -  T  ) 
_ \  1  W 

5.25  eg  (t.  -  T)  2/k 


?  G 

1.  34  x  10  k  Y  (T,  -  T  ) 

_  1  00 

2 

eg  AT 


Several  growth  situations  can  be  visualized  which  give  different  values 

for  this  ratio  .  For  example,  consider  that  G  =  1,  Y  =  1  mm  (0.  1  cm),  and 

the  temperature  difference  over  which  the  cooling  gradient  occurs  (T.  -  T  ) 

1  00 

is  10  K. 
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Then, 


A  mole  fraction  solute  of  0.2  aluminum  oxide  In  a  fused  melt  will 

-3  3 

correspond  to  a  concentration  of  approximately  5x10  moles/cm  .  If  an 

undercooling  (T.  -  T  )  of  1°K  or  less  is  assumed,  then  the  ratio  is  greater  than, 

1  o 

270k 

g 

and  the  growth  process  is  clearly  controlled  by  surface  reaction  since  k  >  0. 1 
and  g  <  1  so  that  the  heat  flow  controlled  growth  rate  will  be  many  times 
the  surface  reaction  controlled  rate.  All  other  factors  remaining  equal,  this 
relationship  can  change  when  undercoolings  of  5°(7  (k  =  0.1)  to  20°C  (k  =  1)  or 
greater  are  reached,  for  then  the  surface  reaction  controlled  growth  rate  which  is 
increasing  by  the  square  of  the  temperature  difference  begins  to  exceed  the  heat 
flow  controlled  rate.  The  major  unknown  is  the  value  of  g.  If  it  is  assumed  that 


then  using  representative  values  for  the  partial  molal  enthalpy  of  mixing  for 
aluminum  oxide  of  4000  cal/mole,  equation  (25)  gives  a  value  of  g  of  0.  32  at 
1750°K.  A  value  of  1000  cal/mole  corresponds  to  a  value  of  0.  75  for  g  at  the 
same  temperature.  At  300°K,  these  g  values  would  have  been  0.001  and  0. 19 
respectively. 

The  analysis  shows  that  no  a  priori  answer  is  available  from  theory  for 
specifying  whether  heat  flow  oi  a  screw  dislocation  process  will  control  the 

o 

rate  of  crystal  growth  in  a  flux  system  precipitating  aluminum  oxide  around  1477  C 
If  the  theoretical  models  are  accepted  as  valid,  the  largest  uncertainty  in  the 
calculation  is  the  value  of  the  surface  free  energy  of  aluminum  oxide  in  the  melt. 

21 


The  ratio  of  the  actual  value  of  this  property  to  the  value  in  vacuum,  k,  comes 
linearly  into  the  estimate  of  the  comparison  of  the  two  growth  rates. 

The  variable  ratio  of  the  rates  of  the  two  controlling  processes  illustrates 
the  difficulty  of  stating  which  process  will  control  a  particular  crystal  growth 
technique  unless  actual  temperature  differences  are  specified. 

2. 4  Nucleation 

One  obstacle  to  the  controlled  growth  of  large  crystals  from  fused 
salts  is  the  presence  of  unwanted  nuclei.  It  is  clear  that  such  nuclei  are  present 
in  many  fused  salt  growth  experiments  from  the  large  number  of  small  crystals 
produced.  The  source  of  these  nuclei  is  not  usually  known.  Nuclei  may  be 
supplied  by  nucleation  sites  upon  the  crucible  wall,  insoluble  particles  in  the 
flux,  or  by  the  abrasion  of  a  larger  crystal  moving  in  the  melt.  Nuclei  may  also 
be  generated  spontaneously  in  the  flux  by  the  supersaturation. 

The  control  of  nucleation  requires  identifying  the  source  of  nuclei. 

Theory  can  help  to  some  extent  for  theoretical  analyses  are  available  which 
give  the  rate  of  nuclei  generation  in  terms  of  the  solution  super^aturation  and 
crystal  properties.  Analyses  are  also  available  which  estimate  the  rate  at 
which  the  nuclei  generating  properties  of  the  flux  respond  to  a  change  in 
conditions.  For  molten  salt  systems,  this  response  time  is  very  short. 


The  rate  of  homogeneous  nucleation  in  a  liquid  solid  system  composed 
of  spherical  nuclei  is, 


Number  of  supercritical 

Rate  at  which 

Number  of  critical 

I  =  nuclei  generated  per  = 

molecules  join 

• 

nuclei  per  unit 

unit  volume  per  second 

nuclei 

volume 

where  the  critical  nuclei  are  defined  as  those  nuclei  which  have  attained  their 
maximum  free  energy  so  that  any  further  increase  in  size  will  lower  their  free 
energy,  and  the  supercritical  nuclei  are  those  nuclei  with  radii  greater  than 
that  of  a  critical  nucleus. 
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Under  steady  state  condtions  of  temperature  and  supersaturation, 
the  expression  for  I  (Ref.  8)  is 


N*  RT 
s 


•  N 


NAF* 


c  exp 


where 


is  the  number  of  atoms  adjacent  to  the  surface 
layer  of  the  nucleus  of  critical  size 
is  the  gas  constant  (cal/°K  mole) 
is  Planck's  constant  1.  58  x  10  ^  (cal  sec) 
is  the  temperature  at  which  the  nucleus  is  forming 
in  °K 

is  the  free  energy  of  activation  for  diffusion  (cal/ mole) 

is  the  temperature  of  the  system  in  °K 

is  the  concentration  of  solute  per  unit  volume 

(moles/cm3) 

is  Avogadro's  number 


is  the  free  energy  per  unit  volume  produced  by  the 
transformation  of  dissolved  solute  into  precipitated 
solute  under  the  conditions  of  supersaturation.  For 


spherical  nuclei 


1  6  7T  <r' 


3  m  2 

1  6  IT  IT  T 

_  o 

3  AH  2(t  -  T)2 

V  '  o  • 


In  order  to  estimate  the  rate  at  which  new  nuclei  are  formed  under 


steady  state  conditions  at  specified  amounts  of  undercooling,  it  is  necessary 


to  know 


<rsj  the  interfacial  energy  of  the  solid  in  the  presence 
of  the  melt 

AFp  the  free  energy  per  mole  of  activation  for  diffusion 


AH  the  heat  of  fusion  per  mole  of  the  solute 
v 

The  problem  of  identifying  the  interfacial  energy  of  the  solid  in  the 

melt,  o-  ,  has  been  discussed  in  Section  2.  3. 
si 

The  free  energy  per  mole  of  activation  for  diffusion,  AF^,  is  generally 
taken  as  equal  in  magnitude  but  opposite  in  sign  to  t)  a  energy  of  activation 
for  viscosity.  This  in  turn  may  be  estimated  from  the  1  onship 

AE  3 

AF  =  - =  16.9x10  (cal/mole)  (29) 

3 

where  AE^^  is  the  energy  of  vaporization  of  the  pure  liquid  flux  (Ref.  9). 

The  number  of  atoms  adjacent  to  the  surface  layer  of  the  nucleus  of 
critical  size  can  be  estimated  for  aluminum  oxide  nuclei  in  terms  of  the  under¬ 
cooling  and  the  ratio,  k,  of  the  surface  energy  of  aluminum  oxide  crystals  in 
the  melt  to  the  surface  energy  of  aluminum  oxide  crystals  in  vacuum.  The 
radius  of  a  spherical  critical  nucleus  is  given  by  the  expression 


where 


is  the  surface  free  energy  of  the  nucleus 


AFy  is  the  free  energy  per  unit  volume  for  the  formation 
of  the  solid  from  the  liquid  phase 
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For  fused  salt  solvents,  AF^  may  be  approximated  as 


AF 

v 


AH  (T  -  T ) 

y  v  Q _ ' 

T 

o 


where 

AH 

v 

T 

o 

and 


is  the  heat  of  fusion  of  the  pure  solute  per  unit 
volume  at  the  temperature,  Tq 

is  the  equilibrium  temperature  of  the  melt 

is  the  temperature  of  undercooling 


(31) 


If  the  value  of  AH  for  aluminum  oxide  is  taken  as 
v 


26,000 

25.5 


=  1020 


(cal/cm^) 


T  as  1750°K  (1477°C),and  the  surface  energy  <r  as  2. 16  x  10  where  k 

o 

is  the  ratio  between  the  surface  energy  of  aluminum  oxide  in  the  fused  salt 
solution  to  that  in  vacuum 


then 


>A12°3  =  7-“lx10'5  AT  (cm> 


(32) 


and  the  average  number  of  dissolved  aluminum  oxide  molecules  which  would  be 

2 

next  to  such  a  nucleus  would  be  determined  by  dividing  4  nr*  by  the  average 
cross  sectional  area  of  a  molecule  in  the  flux  times  the  mole  fraction  of 
aluminum  oxide  present. 
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Then, 


Number  of  A1  0. 

b  J 

molecules  adjacent 
to  the  critical  nucleus 


Area  of  Nucleus 

mole  fraction  of  average  cross 
A1  O  sectional 

fa  sJ 

molecular  area 


5.  7  x  10 


+  7 


2 

AT  X 


A12°3 


(34) 


where  X..  is  the  mole  fraction  of  aluminum  oxide  in  the  melt. 

W2°3 

If  the  values  for  the  interfacial  surface  energy  and  AHv  for  aluminum 
oxide  are  substituted  in  the  equation  for  I,  the  result  for  a  melt  containing 
20  mole  percent  A1203  at  1750°K  is 


I  = 


1.425  x  1041k2 


AT 


exp 


/  0.865  xl08k3^ 

\  AT"  / 


(35) 


When  the  value  of  the  interfacial  surface  energy  of  aluminum  oxide  in 
the  melt  is  assumed  equal  to  that  of  the  surface  energy  of  aluminum  oxide  in 
vacuum,  an  undercooling  AT  of  more  tnan  i00u°C  is  necessary  to  generate 
nuclei  at  the  rate  of  one  every  ten  seconds.  For  an  assumed  interfacial  energy 
one-tenth  that  of  aluminum  oxide  in  vacuum,  an  undercooling  of  approximately 
30°C  would  generate  one  nucleus  every  ten  seconds. 

The  rate  of  nuclei  generation  is  dependent  upon  the  inverse  square  of 
the  undercooling  in  the  exponential  factor  and  decreases  sharply  with  small 
undercoolings.  An  undercooling  of  20°C  at  a  temperature  of  1750°K  (14  7 7°0) , 
and  an  interfacial  surface  energy  of  one-tenth  that  of  the  crystalline  surface 
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energy  of  aluminum  oxide  in  vacuum  corresponds  to  a  rate  of  nuclei  production 
of 

I  =  1  x  10  ^  nuclei/hr  (36) 

It  may  be  concluded  that  at  1750°K,  undercoolings  up  to  20°C  should  not 
cause  rates  of  spontaneous  nuclei  generation  which  will  interfere  with  the 
growth  of  single  crystals  of  aluminum  oxide  from  the  fused  fluxes. 

Knowledge  of  the  rate  at  which  the  flux  system  responds  to  a  change 
of  conditions  is  also  crucial  to  achieving  controlled  growth.  An  expression 
for  the  time  lag  which  occurs  before  the  initial  distribution  of  embryoes 


When  the  values  of  Nc  and  are  computed  for  aluminum  oxide  dissolved 

in  molten  fluxes  at  1477°C,  assuming  AF,  equals  18,  900  cal/moie  (Ref.  9),  the 

d 

value  of  t  varies  depending  on  the  interfacial  surface  energy  and  the  undercooling: 
for  AT  =  1°C  and  k  =  1,  r  is  35  seconds  whereas  for  AT  =  10°C  and  k  =  0.  1 
t  is  0.  35  microseconds.  For  crystal  growth  systems  which  have  cooling  rates 
measured  in  degrees  per  hour,  the  rate  of  establishing  the  distribution  of  nucleation 
embryoes  should  not  influence  the  growth  procedures. 

2.  5  Development  of  Thermal  Convection 

In  unstirred  crucibles,  transport  of  solute  to  the  growing  crystal 
can  occur  by  diffusion  alone  or  by  a  combination  of  diffusion  and  convection. 

This  last  is  preferable  because  the  times  required  to  effect  crystal  growth  by 
diffusion  of  solute  across  a  one  or  two  centimeter  distance  in  the  crucible 
can  be  extremely  long.  The  characteristic  time  for  diffusion  over  a  one 
centimeter  length  for  a  typical  fused  salt  is  given  by  the  expression  (Ref.  9) 

2  2 
h  (  1  cm  ) 

ir  D  it  1  Q~  5 

4  (40) 

=  3.2x10  secs 

=  8.8  hrs 

This  1  >  a  relatively  long  time  foi  most  fused  salt  growth  experiments 
where  the  rate  of  cooling  the  whole  system  is  in  the  order  of  several  degrees 
per  hour.  An  equilibration  time  of  nearly  nine  hours  for  diffusion  of  solute 
over  a  one  centimeter  distance  coupled  with  a  cooling  rate  of  several  degrees 
per  hour  for  the  system  means  that  only  regions  of  the  solvent  very  close  to 
the  crystal  contribute  appreciably  to  its  growth. 
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Because  of  the  long  times  required  for  diffusional  transport,  it  is 
desirable  to  ensure  forced  transport  of  supersaturated  solvent  past  the 
crystal  either  by  convection  currents,  stirring,  or  the  combined  use  of  both 
convection  and  stirring.  For  most  crystal  growth  experiments,  stirring  can 
be  accomplished  straightforwardly  and  the  establishment  of  convection 
currents  presents  the  major  problem  in  design.  While  convection  currents 
occur  in  almost  all  situations  where  temperature  gradients  exist  and  fluid 
flow  is  possible,  theoretical  solutions  to  convective  flow  problems  are  very 
scarce.  The  limiting  conditions  which  will  lead  to  the  establishment  of 
convection  can  be  estimated  with  some  accuracy  but  estimates  of  the  magnitude 
of  the  convective  flows  are  more  uncertain,  and  must  usually  be  made  through 
generalized  heat  transfer  relationships. 

The  preferred  arrangement  to  initiate  convection  in  a  crucible  is  with 
the  colder  surface  on  top,  the  warmer  surface  on  the  bottom.  Under  these 
conditions  an  unstable  stratification  develops  which  breaks  down  to  give 
convective  flow.  For  the  opposite  situation,  the  hotter  surface  on  top  and 
the  cooler  surface  below,  no  convection  should  occur  in  theory.  In  practice, 
edge  effects  and  non-uniformity  of  surface  temperatures  may  induce  some 
convection. 


The  relationship  which  relates  the  onset  of  convection  to  the  distances, 
temperature  changes,  and  solution  properties  of  the  fused  salt  growth  system 
(Ref.  20,21)  is 


N_  N  >  1108 
Gr  Pr 


(41) 


where 


N 


Gr 


is  ihe  Grashof  number 

l3 

N  =  ±SL 


Gr 


(42) 


g^  is  the  gravitational  constant  (cm  /gm  sec) 
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is  the  coefficient  of  thermal  expansion 


1  /  dV' 


-  -  -V 

V  \  dT/ 


d(i) 


(°c  _1> 


is  the  temperature  difference  between  the  top  and 
bottom  surfaces  of  the  melt  (°G) 
is  the  characteristic  dimension  of  the  system,  the 
height  of  liquid  (cm) 

is  the  kinematic  viscosity,  p/p  (cm  /sec) 
where  p  is  the  viscosity  (gm/cm  sec),  and  p  is 

3  s 

the  density  of  the  solution  (gm/cm  ) 


is  the  Prandtl  number 


is  the  thermal  diffusivity  of  the  fluid,  a  -  - 

2  p  c 
(cm  /sec) 

is  the  thermal  conductivity  (cal  cm/cm^  sec  °K), 
Psis  the  density  (gm/cm  )  and  c^  is  the  specific 
heat  capacity'  of  the  liquid  (cal/gm  °C) 


The  product  N_. 

Gr  Pr 


=  aL  9 


where 


P  Cn  i3 


-  3  o  - 1 

is  the  convective  modulus;  a  has  the  units  cm  C 
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In  the  absence  of  theoretical  solutions  of  the  convective  flow  problem, 

estimates  of  the  average  magnitudes  of  the  mass  flow  can  be  obtained  directly 

from  heat  transfer  relationships,  if  concentration  profiles  in  the  crystal  growing 

system  are  determined  by  the  convective  heat  flow  and  not  by  mass  diffusion. 

The  heat  flow  from  the  bottom  of  a  crucible  through  the  melt  to  the  top  surface 

of  the  molten  salt  takes  place  by  radiation  .conduction  and  convection.  If  the 

convective  heat  flow,  q  ,  can  be  isolated  and  mass  diffusion  flows  are  negligible, 

c 

the  average  convective  mass  flow  must  be  equal  to  the  convective  heat  flow,  q  , 

c 

divided  by  the  average  heat  capacity  per  unit  mass  times  the  temperature  drop 
through  which  the  flow  takes  place. 


Thus, 


V 

av 


q 

(T 


where 


c 

P 

and 


is  the  average  mass  flow  per  unit  area  (gms/sec  cm 

2 

is  the  convective  heat  flow  (cal/cm  sec) 
is  the  heat  capacity  of  the  liquid  (cal/gm°C) 


T„  and  T„ 
T  B 


are  the  respective  temperatures  at  the  top  and  bottom 
surfaces  of  the  melt. 


(47) 


The  convective  heat  flow  between  parallel  surfaces  is  estimated  from 
the  expression  (Ref.  23) 

=  h=(TT  -  Tb)  (48) 

2  o 

where  hc  is  the  convective  heat  transfer  coefficient  (cal/cm  sec  C  ). 
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Thus  the  rate  of  material  transport  is 


VT1-  -  tb> 


h(TT  -  Tb) 
cp  <tt  -  Ts> 


Measured  heat  transfer  data  are  usually  given  in  terms  of  a  heat 
transfer  coefficient  combining  both  convection  and  conduction.  At  values  of 
the  convective  modulus,  a,  of  approximately  1000  or  less,  heat  transfer 
between  horizontal  surfaces  is  through  conduction  only.  At  larger  values  of 
the  convective  modulus,  a,  both  convection  and  conduction  participate. 

In  order  to  estimate  mass  flows  from  available  data,  the  reported  heat 
transfer  coefficients  must  be  corrected  for  conduction.  The  correction  factor 
is  derived  from  the  relation 

Qcond  "  L  (TT  TB^  ^ 


where 


K  is  the  thermal  conductivity  of  the  melt 


L  is  the  vertical  thickness  of  the  melt  in  the  crucible. 


Since, 


qconv  and  cond  ”  ^'cond  and  conv  ^T  ^ 


qconv  ”  l^cond  and  conv  L  /  \  T  TB 


Then, 


‘cond  and  conv 


-  i) 
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Experimental  curves  are  available  expressing  h  for  conduction  ana 
convection  in  terms  of  the  convective  modulus,  the  distance,  L,  across  the 


gap  and  the  temperature  drop  (T  -  T  =  0).  Thus,  for  parallel  horizontal 

I  D 

plates  (Ref.  22) 
h 


=  7  0.  208  (l3 a  0)1/4 
cond  and  conv  L 


(54) 


and  the  rate  of  mass  transfer  is 


cond  and  conv 


=  —  0.  208  (l  a  9) 


1/4 


(55) 


P  P 

The  data  required  to  estimate  convective  mass  transfer  rates  for  a 
specific  fused  salt  solution  must  be  obtained  by  measurements.  Estimates 
for  a  particular  fused  salt  solvent  are  made  in  Section  V  of  this  report  using 
experimental  data  reported  in  Section  IV. 


2.  6  Inclusion  Formation 

Solvent  inclusion  in  flux  grown  crystals  is  believed  to  be 
caused  by  improper  solution  flow  at  the  crystal  surface.  If  solute  is  not 
delivered  uniformly  over  the  growing  crystal  face,  points  of  lower  supersaturation 
are  present,  growth  is  slower  at  these  than  at  adjacent  points  of  higher  super¬ 
saturation  and  conditions  for  the  development  of  an  inclusion  are  present. 


The  prevention  of  inclusions  requires  control  of  the  currents  which 
bring  nutrient  to  the  growing  crystal  face.  This  can  be  best  accomplished  by 
forced  stirring  but  well  designed  convective  flow  patterns  can  also  be  used. 

Inclusion  formation  during  stirring  has  been  discussed  by  Sheftal  (Ref.  24) 
and  Carlson  (Ref.  25).  The  latter  gives  an  expression  for  the  crystal  length 
which  can  occur  without  generating  inclusions  as  a  function  of  the  velocity  of 
solution  sweeping  past  it.  This  expression  is 
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(56) 


where 

X 

s 


V 


D 
P  . 


dr 

dt 


c  -  c 

o 


and 


F 

w 


is  the  length  of  crystal  face  which  will  be  free 
on  inclusions  (cm) 

is  the  bulk  fluid  velocity  of  the  solvent  sweeping 
past  the  face  (cm/sec) 

2 

is  the  diffusion  constant  (cm  /sec) 

is  the  dimensionless  Schmidt  number,  P  .  =  — 

d  p  D 
s 
3 

P  is  the  fluid  viscosity  (gm/cm  ),  and 
is  the  fluid  density  (gm/cm3) 


is  the  crystal  density 


(gm/cm3) 


is  the  rate  of  solute  deposition  (cm/sec) 

is  the  difference  in  concentration  between  the 
supers aturati on  condition  in  the  solution  and  the 
equilibrium  solubility,  c 


is  the  molecular  weight  of  the  solute  (moles/cm3) 


In  the  expression  for  Xs>  there  are  two  variables  whose  value  must 
usually  be  estimated  from  theory.  These  are;  dr/dt  and  v.  Direct  measurement 
of  either  is  desirable  but  difficult  since  it  must  be  accomplished  either  through 
a  growth  experiment,  dr/dt,  or  through  an  experimental  arrangement  nearly 
identical  with  the  actual  growth  experiment,  v.  Methods  of  estimating  both 
dr/dt  and  v  have  been  given  in  preceding  sections. 


34 


2.  7  Distribution  of  Dopant 


Flux  grown  crystals  often  contain  nonuniform  distributions  of 
dopant  ions.  This  can  occur  when  the  molten  solvent  traversing  a  crystal  face 
deposits  dopant  at  a  rate  which  is  not  in  a  fixed  ratio  to  the  rate  at  which  it 
deposits  the  solute  which  forms  the  bulk  crystal.  Such  a  varying  rate  can  be 
caused  by  a  temperature  difference  across  the  crystal,  or  by  a  change  in  the 
relative  concentrations  of  dopant  to  bulk  solute  in  the  liquid  across  the  crystal 
face. 

Correction  of  inhomogeneous  doping  begins  with  ensuring  that  the  faces 
where  crystal  growth  occurs  are  at  a  uniform  temperature.  The  elimination  of 
dopant  concentration  changes  in  the  liquid  is  more  difficult.  These  can  be 
reduced  by  ensuring  that  a  much  larger  flow  of  nutrient  liquid  passes  the 
growing  crystal  face  than  is  needed  for  growth  so  that  the  change  in  dopant 
concentration  of  the  liquid  from  the  beginning  to  the  end  of  the  flow  pattern 
is  small. 

It  is  not  reasonable  to  expect  uniform  dopant  concentrations  in  flux 
grown  crystals  if  growth  systems  are  used  which  depend  only  on  diffusional 
transport.  The  experimental  approach  which  must  be  followed  to  ensure  uniform 
dopant  distributions  is  to  design  the  crystal  growing  system  so  that  stagnant 
flow  patterns  are  absent.  If  either  stirring  or  convective  flow  is  used,  tem¬ 
perature  gradients  and  distances  must  be  correctly  proportioned  so  that  a 
smooth  steady  transfer  of  supersaturated  solvent  moves  across  the  growing 
crystal  face. 
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I  III.  EXPERIMENTAL 

Laboratory  determinations  of  the  solubility,  density,  and  viscosity  of 
the  fused  salt  melts  were  required  to  accomplish  the  objectives  of  the  program. 
Since  the  temperature  region  of  interest  (1400°C  or  greater)  was  beyond  the 
limits  of  conventional  equipment,  special  apparatus  had  to  be  designed  and 
built  for  these  measurements.  In  all,  four  types  of  measuring  apparatuses 
were  built  although  only  three  were  employed  during  the  program.  The  four 
were:  (1)  a  thermal  analysis  apparatus,  (2)  a  quenching  apparatus  for  solubility 
and  supersolubility  studies,  (3)  a  fused  salt  density  measuring  apparatus,  and 
(4)  a  fused  salt  viscosimeter.  Descriptions  of  the  equipment  and  the  methods 
[  of  use  are  given  below. 

The  chemicals  used  in  the  experimental  program  were  of  reagent  grade 
quality.  Materials  for  the  molten  salt  solutions  were  dry  mixed  and  iscstatically 
pressed  into  billets  weighing  316  gms.  Each  billet  was  broken  into  two  pieces 
and  melted  separately  into  one  crucible.  The  pressing  was  found  desirable  to 
reduce  the  large  shrinkage  which  normally  occurred  when  the  mixed  powders 
were  melted  the  first  time. 

Early  experiments  revealed  the  need  for  a  gas  tight  furnace  chamber. 
Extensive  hydrolysis  of  the  fluoride  fluxes  apparently  occurred  during  the 
heating  up  period  unless  special  precautions  were  taken  to  eliminate  moisture 
from  the  furnace  chamber.  This  problem  was  solved  by  using  tightly  fitting 
plates  at  the  ends  of  the  inner  tube  of  the  furnace.  The  seals  to  the  ceramic 
furnace  lining  were  made  with  o-rings,  and  the  plates  were  water  cooled. 

* 

During  experimental  measurements,  the  furnace  chamber  was  filled 
with  dry  helium  and  only  opened  during  the  times  when  an  actual  measurement 
was  made. 

. 
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3. 1  Solubility  and  Supersolubility  Determinations 


Solubility  and  supersolubility  determinations  were  to  be  accom¬ 
plished  with  (1)  a  thermal  analysis  apparatus  based  on  cooling  curve  measure¬ 
ments,  and  (2)  a  quenching  block  apparatus. 

The  thermal  analysis  apparatus  is  shown  in  Figures  1  and  2.  Figure  1 
is  a  schematic  of  the  apparatus  as  used.  Figure  2  is  a  photograph  showing  the 
assembled  components  of  the  apparatus.  Flux  is  held  in  a  molybdenum  crucible 
placed  in  a  machined  graphite  block.  This  block  has  a  machined  cover  through 
which  a  stirrer,  inert  gas  feed,  and  thermocouple  are  inserted.  The  whole 
apparatus  is  heated  in  a  2"  diameter  globar  furnace  lined  with  a  high  temperature 
alumina  tube.  Temperature  is  measured  with  a  platinum-platinum  rhodium 
thermocouple  and  an  Esterline  Angus  potentiometric  recorder. 

The  flux  is  melted  by  raising  the  furnace  temperature.  After  a  molten 
state  has  been  achieved,  the  temperature  of  the  furnace  is  held  constant  for  a 
quarter  to  one-half  hour,  then  the  stirrer  motor  is  started,  and  the  power  input 
to  the  furnace  cut-off.  Cooling  of  the  charge  begins  immediately.  The  tem¬ 
perature  of  the  charge  is  recorded  on  the  strip  chart  of  the  Esterline  Angus 
recorder  as  the  furnace  cools.  At  the  freezing  point,  the  stirrer  ceases  turning 
and  a  noticeable  arrest  is  seen  in  the  plot  of  emf  versus  time. 

The  quenching  block  apparatus  for  solubility  determinations  is  patterned 
after  one  described  by  Barton,  Friedman,  and  Tucker  (Ref.  25,  26,  27).  Changes 
in  the  design  were  made  to  facilitate  machining.  The  block  of  Barton  and  co¬ 
workers  was  made  from  nickel.  This  material  could  not  be  used  at  the  temperatures 
required  for  the  present  work.  Molybdenum  was  used  instead. 

A  schematic  drawing  of  the  gradient  quenching  apparatus  is  shown  in 
Figure  3.  A  photograph  of  the  molybdenum  halves  of  the  apparatus  in  Figure  4. 

The  quenching  unit  consists  of  a  quenching  tube  filled  with  the  material  under 
study  end  an  instrumented  holding  block.  The  apparatus  is  designed  to  locate 
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Figure  1 
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the  liquidus  temperature  of  a  fused  melt  with  greater  precision  than  is  possible 
with  cooling  curves. 

The  liquidus  temperature  is  determined  by  observing  at  what  position 
melting  occurs  in  the  quenching  tube.  This  is  accomplished  by  establishing 
a  known  temperature  gradient  along  the  holding  block  by  proper  positioning  in 
the  furnace.  Temperatures  along  the  block  are  read  by  thermocouples.  The 
tube  containing  the  flux  is  held  within  the  block  until  thermal  equilibrium  is 
established  and  then  dropped  from  the  block  into  an  oil  bath  by  turning  the 
holding  latch. 

The  quenched  tube  containing  the  sample  is  opened  and  the  condition 
of  the  flux  at  various  temperatures  ascertained  by  direct  observation. 

The  quenching  tubes  were  originally  constructed  from  l/8"  diameter 
molyodenum  tubes  having  a  0.016"  wall  thickness.  It  was  found  impossible 
to  crimp  these  tubes  satisfactorily  even  at  red  heat  without  fibering  and 
cracking  the  body  of  the  tube.  Later  tubes  were  made  of  1/8"  platinum  having 
0.004"  wall  thickness. 

3.  2  Density  and  Coefficient  of  Expansion  Determinations 

Densities  of  the  rused  fluxes  were  determined  using  the  Archimeaeon 
method.  Molybdenum  bobs  were  immersed  in  the  fused  melts  and  their  buoyancies 
measured  directly  with  a  balance.  Volumes  and  weights  of  the  bobs  were  measured 
at  room  temperature  and  the  volumes  at  the  temperatures  of  the  flux  estimated  from 
the  volume  coefficient  of  expansion  for  molybdenum. 

The  density  apparatus  is  shown  in  a  schematic  drawing  in  Figure  5.  The 
molybdenum  bobs  are  shown  in  Figure  6.  The  machined  molybdenum  bobs  were 
attached  to  a  standard  Troemner  chainweight  specific  gravity  balance.  The  bobs 
were  hung  on  molybdenum  wires  and  immersed  in  the  liquid  flux  by  measuring 
the  length  of  wire  required  to  effect  complete  immersion  in  advance  of  the  experi¬ 
ment.  Two  bobs  of  different  sizes  were  used  to  eliminate  the  effects  of  surface 
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Figure  5 


tension.  Measurements  of  the  buoyancy  were  made  at  each  temperature  with 
both  bobs  and  the  density  calculated  from  the  expression  of  MacKenzie  (Ref.  29). 


where 

is  the  density  of  the  fused  salt  both  at  temperature,  T 
Bj  and  B ^  are  the  buoyancies  of  the  two  bobs.  The  buoyancy  is 

uefined  as  the  decrease  in  the  measured  weight  of  the  bob 
on  immersion  in  the  liquid.  By  using  two  bobs  of  different 
sizes,  surface  tension  effects  of  the  flux  upon  the  wire 
are  canceled  out  when  the  two  buoyancies  are  subtracted 
Vj  and  are  .he  bob  volumes  at  room  temperature 

and 

A^,  is  the  thermal  expansion  of  the  bob  metal  from  room 
temperature  to  the  fused  salt  temperature 

The  coefficients  of  volume  expansion  for  the  fluxes  were  calculated  from 
the  slope  of  the  plot  of  density  versus  temperature  using  the  expression 


Viscosity  Determinations 


Fused  salts  generally  have  viscosities  comparable  to  that  of  water 
(Ref.  3)  (one  centipoise).  No  viscosity  data  for  the  fluoride  melts  of  interest 
could  be  found  in  the  literature  and  the  viscosities  had  to  be  measured. 


Assuming  that  the  viscosities  of  the  fluoride  melts  were  probably  in  the 
order  of  a  few  centipoises  an  osculating  bob  viscosimeter  was  constructed. 

The  apparatus  is  shown  in  Figure  7.  A  molybdenum  bob,  supported  on  a  tungsten 
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wire,  is  immersed  to  a  fixed  depth  in  the  molten  salt  and  forced  to  rotate  by  a 
preliminary  twist  of  the  wire.  The  rotation  is  observed  by  reflecting  light  from 
a  mirror  attached  to  the  wire.  The  amplitude  of  swing  was  recorded  for  a  number 
of  successive  swings  and  the  fractional  decrement  (x^/  x^  )  of  the  amplitude 
was  computed  for  successive  pairs  of  swings.  The  fractional  decrements  for  a 
complete  series  of  swings  were  averaged  and  the  iR  standard  deviation  computed. 

A  theoretical  expression  exists  for  the  relationship  between  fractional 
decrements  and  viscosity  (Ref.  30,  31).  Because  of  the  exploratory  nature  of  the 
initial  fused  salt  viscosity  measurements  an  empirical  calibration  procedure  was 
used  as  recommended  by  Yao  and  Kondic  (Ref.  32) . 

The  viscosity  apparatus  was  calibrated  at  room  temperature  with  solutions 
of  glycerine  and  water  whose  viscosities  are  known  very  precisely.  The  calibration 
curve  is  shown  in  Figure  8.  It  can  be  seen  that  the  apparatus  as  used  had  a  wide 
dynamic  range  and  an  accuracy  of  +  one  eentipoise  at  the  smaller  viscosities. 
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IV. 


FLUX  PROPERTIES 


4. 1  Measured  Properties 
4.  1. 1  Solubility 

More  than  ten  attempts  were  made  to  determine  the 
solubility  of  aluminum  oxide  in  the  80  mole  percent  LaF  -  20  mole  percent 
A1  O  melt  using  the  cooling  curve  apparatus  described  in  Section  III.  None 

Z  o 

of  these  experiments  produced  useful  data.  Leak  tight  molybdenum  thermocouple 
sheaths  were  not  available  during  the  program.  Tantalum,  platinum,  and 
recrystallized  alundum  sheaths  failed  to  withstand  the  lanthanum  flux  long 
enough  to  show  arrests  or  breaks  in  the  cooling  curves. 

Some  supplementary  information  about  solubility  was  supplied  to  the 
authors  by  Cortland  O.  Dugger  of  AFCRL  (Ref.  33)  who  ran  different  thermal 
analyses  upon  the  lanthanum  fluoride- aluminum  oxide  mixture.  Figure  9  shows 
a  differential  thermal  heating  curve  and  a  differential  thermal  cooling  curve  for 
the  62  mole  percent  LaF^  -  38  mole  percent  A^O^  mixture  drawn  from  data  of 
Dugger. 

The  solidification  temperature  of  the  melt  is  clearly  defined  by  the  large 
peaks  of  Figure  9  as  1424°C  (heating)  and  1381°C  (cooling)  .  The  temperature 
at  which  aluminum  oxide  is  truly  soluble  is  more  difficult  to  identify  since 
reactions  are  observed  in  the  D.  T.  A.  plots  from  1400°C  to  1480°C  which  could 
be  interpreted  as  the  evidence  of  the  true  solubility  point. 

Pending  further  experimental  information,  the  equilibrium  solubility 
point  of  the  80  mole  percent  LaF„  -  20  mole  percent  A1  O  was  taken  as  1750°K 

o  Z  o 

(1477  °C)  . 
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4.1.2  Density  and  Coefficient  of  Thermal  Expansion 

The  measured  density  of  a  20  mole  percent  A^O^  ~  80  mole 
percent  LaF  flux  is  shown  as  a  function  of  temperature  in  Figure  10.  The 

O 

precision  of  the  measurements  is  estimated  to  be  +0.5  percent.  These  data 

-4 

give  a  value  of  8.  65  x  10  for  the  coefficient  of  volume  expansion  for  a  20  mole 
percent  A1  O  -  80  mole  percent  LaF  flux  over  the  temperature  range  from  1440°C 

Z  d  u 

to  1505°C. 

4.1.3  Viscosity 

The  viscosity  of  a  20  mole  percent  Al^O^  ~  80  mole  percent 
LaF  flux  between  1360  C  and  1500  C  is  shown  in  Figure  11.  The  precision  of 

J 

the  measurements  was  approximately  +_  2  percent.  It  can  be  seen  that  the 
viscosity  of  this  flux  ranges  from  8  to  10  centipoise.  This  is  a  factor  of  four 
greater  than  the  viscosity  of  comparable  chloride  melts  (Ref.  3,9). 

4.  2  Derived  Flux  Properties 

The  extent  to  which  the  aluminum  oxide  molecule  is  dissociated 

in  molten  fluoride  solvents  is  known  only  partially  for  cryolite  (Na_AlFc) 

o  b 

(Ref.  33,  34)  and  not  at  all  for  the  fluxes  of  interest  to  the  current  research. 

In  order  to  estimate  flux  properties,  it  has  been  necessary  to  assume  something 
about  the  chemical  form  of  the  dissolved  aluminum  oxide  molecule.  Accordingly, 
the  dissolved  aluminum  oxide  has  been  assumed  to  exist  in  the  fluxes  of  interest 
as  spherical  undissociated  molecules  having  the  formula  A^O^  * 

4,  2. 1  Diffusion  Constant,  D,  and  the  Free  Energy  of 
Activation  for  Diffusion,  AF^ 

An  estimate  of  the  diffusion  constant  for  aluminum  oxide 
in  the  flux  can  be  made  using  the  Stokes-Einstein  relation  for  the  coefficient 
of  diffusion.  Thus, 
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where 


2 

D  is  the  diffusion  coefficient  (cm  /sec) 
v  is  the  viscosity  of  the  melt  (gm/cm  sec) 
r  is  the  radius  of  the  diffusing  molecule  (cm) 
and  the  other  terms  have  been  defined  above. 

A  value  for  D  can  be  estimated  from  the  measured  viscosities  of  the 
aluminum  oxide,  lanthanum  fluoride  melts  using, 

_  8 

r  . ,  — ,  =  3.  48  x  10  cm 
W2°3 

-2 

v  =  9  x  10  poises 

and 

T  =  1750°K 

D  =  4.  1  x  10  cmV  sec 


The  free  energy  of  activation  for  diffusion  has  been  assumed  to  be 
approximately  one-third  the  energy  of  evaporation  of  the  solvent  flux  (Ref.  9) . 
That  is,  if  AF^  is  the  free  energy  of  activation  for  diffusion, 


AF* 


D  * 


AH  -  RT 
vap 

3 


(29) 


assuming  that  the  solute  AF*^  is  equal  to  the  solvent  AF*D  . 


For  lanthanum  fluoride, 

62.0  -  5.  2 


AF, 


=  18. 9  K  cal/melt 


and  the  value  of 


AF, 


exp  - 


RT 


=  4.43  x 


10 


-3 


when  T  is  equal  to  1477°C  (1750°K). 
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4.  2.  2  Thermal  Conductivity,  k,  and  Thermal  Diffusivity,  K 


The  values  of  the  thermal  conductivity  and  diffusivity  are 
needed  for  both  crystalline  aluminum  oxide  and  the  fused  melt. 

Values  of  the  thermal  conductivity  for  the  corundum  form  of  aluminum 
oxide  are  available  in  the  desired  temperature  range  (Ref.  11)  as  are  values  of 
the  specific  heat  (Ref.  36) .  Values  of  the  density  can  be  derived  from  the 
density  at  room  temperature  (Ref.  12),  and  the  coefficient  of  thermal  expansion 
(Ref.  10).  For  the  calculations  of  this  report  the  following  average  values 
were  used, 

k  =  0.  02  cal/cm  sec 

C=  31  cal/  °K  mole  =  0.  305  cal/  °K  gm 

and  the  thermal  diffusivity,  k  = 

K 

K  =  pC 

was  taken  as, 

K  =  0.  016  cmVsec 


The  corresponding  values  for  molten  lanthanum  fluoride  flux  are  not 

known.  The  value  of  k  for  the  20  mole  percent  A1  O  -  80  mole  percent  LaF_ 

2  * 

flux  was  assumed  to  be  equal  to  or  less  than  0.02  cal  cm/sec  cm  .  A  value 
c'  the  heat  capacity  of  the  lanthanum  fluoride  flux  was  calculated  on  the  basis 
of  assigning  8.0  cal/gm  atom  °C  to  the  liquid  mixture  (Ref.  36).  Thus, 


and 


f  0.  20  (  2  +  1 )  +  0.80  (  1  +  3)  1  8 
0.20  x  101.96  +  0.80  x  195.92 


(  cal/°C  gm) 


C  =  0. 19  cal/°C  gm 
2 

K  =  0.  024  cm  / sec 
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4. 3  Summary 

The  physical  properties  of  aluminum  oxide  and  the  molten  flux  of 
0.  20  mole  percent  -  80  mole  percent  LaF^  which  are  necessary  for  the 

estimation  of  crystal  growing  parameters  are  summarized  in  Table  I. 
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TABLE  I 


SUMMARY  OF  PROPERTIES 


A12°3 


Molecular  weight 
Volume  per  mole  (25°) 

Volume  per  molecule 

Thermal  conductivity  at  147  7°C 

Estimated  heat  of  fusion  at  1477°C 


Density  (25°C) 

Flux  (80  mole  percent  LaF^  -  20  mole  percent  A1203) 


Density  -  Figure  10 

Viscosity  -  Figure  11 

Thermal  conductivity  (assumed) 

Estimated  diffusion  constant  for  A1  O  molecules 

o 

in  20  -  80  flux  at  1477  C 


Estimated  free  energy  of  activation  for  diffusion 
of  Al^O  molecules  in  20-  80  flux  at  1477°C 
Assumed  concentrations  in  flux  at  1750°K  (1477°C) 


c  3 

A1  O  =  0.005  moles/cm 

L  <j 


c  =  0.020  moles/cm‘ 

Lat3 


=  0.025  moles/ci 


m 


101.  S6 

25.  5  cm3 

4.24  x  10"23  cm3 

0. 02  cal/cm  sec 

26  K  cal/mole 

0. 98  K  cal/cm3 

.  255  cal/gm 
3 

3.  99  gm/cm 


.  02  cal/cm  sec  °C 
4. 1  x  10  ^cm2/sec 

18. 9  K  cal/mole 


u 
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V. 


DISCUSSION 


5. 1  Introduction 

The  problems  which  are  met  in  attempting  to  predict  the  sizes, 
shapes,  temperature  gradients,  and  cooling  rates  needed  for  the  growth  of 
sapphire  and  ruby  from  fused  salt  solvents  were  discussed  in  Section  II. 
Equations  which  present  formal  solutions  to  certain  aspects  of  these  problems 
were  given  in  that  section.  It  was  stated  there  that  the  unique  characteristic 
of  a  fused  salt  solvent  with  respect  to  crystal  growth  arose  from  the  high 
temperatures  required  for  liquidity.  These  temperatures  cause  the  super- 
saturation  ratio  (c/co)  which  is  produced  by  a  given  undercooling  to  be  much 
smaller  than  that  which  would  be  produced  by  the  same  undercooling  near 
room  temperature.  One  consequence  of  this  relative  reduction  is  that  growth 
phenomena  which  depend  on  the  difference  between  supersaturation  and 
equilibrium  solubilities,  (c-cq),  are  retarded  more  in  fused  salt  systems  than 
in  equivalent  aqueous  systems.  The  higher  temperatures  required  for  fused 
salt  crystal  growth  affect  other  aspects  of  the  growth  process  in  less  directly 
recognizable  ways.  When  the  equations  which  predict  the  crystal  growth 
rates  and  the  condition  for  homogeneous  nucleation  were  applied  to  the 
precipitation  of  aluminum  oxide  (sapphire  and  ruby)  from  fused  salt  solvents 
in  Section  II,  it  was  found  that  (1)  the  screw  dislocation  mode  of  growth 
was  probably  the  fastest  process  for  the  growth  of  large  crystals  of  aluminum 
oxide  when  undercooling  was  moderate,  (2)  homogeneous  nucleation  of 
aluminum  oxide  nuclei  probably  did  not  occur  for  undercoolings  of  at  least 
?.0°C  at  flux  temperatures  of  1477°C,  and  (3)  heat  does  not  normally  control 
the  growth  of  aluminum  oxide  crystals  from  a  flux  although  it  can  do  so  under 
special  experimental  conditions. 
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In  the  present  section,  the  equations  which  predict  the  proper  experi¬ 
mental  conditions  for  the  growth  of  sapphire  and  ruby  crystals  are  applied  to 
the  lanthanum  fluoride- aluminum  oxide  flux  whose  properties  are  given  in 
Section  IV.  The  results  and  conclusions  of  Section  II  are  used  directly  in 
making  these  estimates.  It  will  be  seen  that  the  reduction  in  the  magnitude 
of  the  supersaturation  ratio  (c/cq),  and  the  consequent  reduction  in  quantity 
(c-cq)  becomes  highly  significant  to  the  growth  of  crystals  without  solvent 
inclusions. 

The  problem  of  estimating  crystal  growing  conditions  is  approached 
on  the  basis  of  how  the  supersaturation  is  generated,  whether  by  slow  cooling, 
or  by  a  thermal  gradient.  If  slow  cooling  is  used,  an  estimate  of  the  allowed 
overall  cooling  rate  for  the  system  is  required.  If  a  thermal  gradient  is  used, 
estimates  of  the  temperature  differences  and  the  distances  across  which  these 
temperatures  occur  are  needed. 

In  making  estimates  of  crystal  growth  conditions,  it  is  necessary  to 
assume  that  growth  will  occur  upon  a  seed  crystal  and  that  spontaneous 
nucleation  can  be  avoided.  This  is  a  reasonable  assumption  in  view  of  the 
conclusions  of  Section  II.  The  manner  in  which  the  solution  is  caused  to 
flow  across  the  face  of  the  seed  crystal  must  also  be  defined.  Forced  stirring 
must  be  used  for  most  fused  salt  solvents.  It  is  clear  from  the  discussion  of 
Section  2.  5  and  2.6,  that  diffusion  processes  are  not  sufficient  to  effect 
solute  transfer  in  the  growth  of  large  perfect  crystals  from  fused  salts.  It 
will  also  be  clear  from  the  development  of  the  following  sections  that  convection 
is  also  not  sufficient  to  effect  proper  solute  transfer.  The  information  about 
forced  stirring  that  is  needed  is  the  required  stirring  rate  and  the  radius  of  the 
crystal  support. 

The  results  of  the  discussions  and  estimates  for  the  lanthanum  fluoride- 
aluminum  oxide  system  are  also  used  as  the  basis  for  a  more  general  analysis 
of  flux  requirements .  The  interaction  between  the  crystal  growth  system 
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requirements  and  the  fused  salt  solution  properties  Is  shown  and  the  solution 
properties  which  are  important  to  maximizing  crystal  quality  are  identified. 

5.  2  The  Generation  of  Supersaturation  for  Crystal  Growth 
from  the  Lanthanum  Fluoride-Aluminum  Oxide  Flux 

Controlled  crystal  growth  by  either  the  slow  cooling  or  the  thermal 
gradient  method  requires  information  about  the  rate  of  crystal  growth  and  the 
change  of  the  supersaturation  with  temperature.  For  the  purposes  of  estimates 
upon  which  to  base  crystal  growth  experiments,  the  crystal  growth  rate  for 
sapphire  and  ruby  precipitating  from  a  lanthanum  fluoride  flux  upon  a  seed  crystal 
may  be  assumed  to  be  governed  by  the  screw  dislocation  mode  of  crystal  growth. 
The  temperature  dependence  of  the  supersaturation  is  assumed  to  be  the  same 
as  the  temperature  dependence  of  the  equilibrium  solubility.  When  this  is  not 
known,  the  change  of  solubility  with  temperature  is  estimated  by  means  of  a 
Clapeyron  type  equation  such  as  equation  (6 ) . 

5,  2.1  Growth  of  A1  O  by  Slow  Cooling  of  the  Flux 
_ k _ £ _ 


The  desired  cooling  rate  for  the  siow  cooling  method  of 
crystal  growth  can  be  calculated  for  the  LaF3  -  A1003  flux  from  equation  (2). 
The  expression  for  dT/dt  is: 


dT 

dt 


dr 

dt 


A  p  p 
c  s 

He 


M  F 


w 


_ o 

dT 


(59) 


Where  dr/dt  refers  to  the  absolute  crystal  growth  rate,  A  is  the  area  of 

the  crystal  face,  p  ,  the  density  of  the  crystal,  p  ,  the  density  of  the  solution, 
c  s 

M  ,  the  total  mass  of  the  solution,  Fw  ,  the  molecular  weight  of  the  solute,  and 
dcQ/dT  is  the  change  of  solute  solubility  with  temperature.  These  terms  have 
been  defined  in  Section  II. 
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The  value  of  dcQ/dT ,  the  change  in  solubility  with  temperature,  may 
be  estimated  from  equation  (4).  In  terms  of  the  concentrations, 


dX 

dT 


dc 


dT 


(60) 


where 

X  is  the  mole  fraction  of  Al^O^  in  the  melt 

and  c^j  q  ,  Cj^p  >  c^,  ,  are  the  moles  per  unit  volume  in  the  melt  for  aluminum 
2  3  3 

oxide,  lanthanum  fluoride,  and  the  sum  of  the  moles  of  aluminum  oxide  and 
lanthanum  fluoride. 


Substituting  thi3  expression  in  equation  (  6  )  and  using, 


an  expression  for  dc/dT  is  obtained.  This  is, 


(61) 


M2°3  A12°3 


dT 


'LaF, 


AH, 


'T  rt2 


(62) 


Using  the  expression  for  dc  _  /dT  in  equation  (59)  for  the  desired  rate 
of  cooling,  we  have 


dT  dr  Apcps  c  RT2 

—  =  — - 3 -  (63) 

dt  dt  MFwCTc  ^ 
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using  the  values, 

F  =  101.96 

wA12°3 

p  =  3. 99 
rc 

p  at  1477°C  =  4.44 
rs 

c..  „  (20  mole  percent  Al-O.  -  80  mole  percent  LaF„)  *  0.  005  moles/cm 
A12U3  16  * 

2 

c_  (20  mole  percent  A10,  -  80  mole  percent  l.aF,)  =  0.  020  moles/cm 
LdFg  2  o  o 

3 

c^  (20  mole  percent  A^O^  ~  mole  percent  LaF^)  =  025  moles/cm 

R  =  1.99  cal/mole  °C 
T  =  1750°K 

AHf  =  26,  000  cal/mole 


dT 

-  «  6550 


dr 

dt 


_A 

M 


(64) 


If  the  value  of  dr/dt  for  a  screw  dislocation  growth  process  of  growth 
on  aluminum  oxide  at  1477°C  is  used,  corrected  by  the  change  in  the  diffusion 
constant  from  the  estimated  10  5  cm  to  the  calculated  value  of  Section  IV  of 
0.41  x  10  cm  /sec,  equation  (64)  becomes 


dT 

dt 


7l_ 

k 


g  AT2 


A 

M 


(  °C/hr) 


(65) 


where  k,  g,  AT,  A  and  M  have  been  defined  previously. 

If  a  crucible  size  equivalent  to  the  standard  molybdenum  crucible  is 

assumed  ( 1  1/2  "  diameter  x  2  5/8"  height )  ,  the  value  of  M  is  338  gms  when  the 

crucible  is  completely  filled  with  the  20  mole  percent  A^O^  -  80  mole  percent 
_  o 

LaFg  flux  at  1477  C.  A  larger  crucible,  4"  diameter  x  6"  height,  would  hold  a 
melt  of  5500  gms  of  the  same  20  -  80  flux  at  1477°C.  Substituting  these  values 
in  equation  (1),  the  allowed  values  of  the  cooling  rate  becomes, 
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(66) 


dT 

dt  = 


0.  209 


9 

k 


A  AT2  ( °C/hr )  (1.  5"  x  2  5/8") 
crucible 


dT 

dt 


0.0129 


9 

k 


A  AT2  (°C/hr)  (4"  x  6”) 
crucible 


(67) 


The  probable  magnitude  of  g  has  been  discussed  in  Section  2.  3  where 
it  was  shown  that  at  the  high  temperatures  of  a  fused  salt  growth  process 
(1477°C),  g,  which  at  room  temperature  can  be  very  small,  tends  to  increase 
in  value,  g  is  believed  to  range  from  0.  30  to  1.  00  at  147 7°C. 

The  magnitude  of  k,  the  ratio  of  the  interfacial  energy  of  the  aluminum 
oxide  crystal  in  the  flux  to  the  surface  energy  of  an  aluminum  oxide  crystal  at 
the  same  temperature  in  vacuum  or  an  inert  atmosphere,  is  believed  to  range 
from  0. 1  to  1. 0. 

The  magnitude  of  the  ratio  g/k  can  range  from  0.  3  to  10  or  a  factor 

of  30. 

The  direct  dependence  of  the  cooling  rate  on  the  available  growth  area, 

A,  means  that  the  cooling  rate  should  be  much  slower  at  the  start  of  a  slow 
cooling  experiment  if  a  seed  crystal  is  not  used.  Assuming  a  square  face 
1  mm  x  1  mm  the  cooling  rate  should  be  one  hundredth  (0.01)  as  great  as  that 

for  a  larger  seed  crystal  with  a  face  1  cm  x  1  cm. 

For  a  screw  dislocation  growth  process,  the  rate  of  cooling  depends  on 
the  square  of  the  undercooling  which  can  be  maintained  near  the  growing  crystal. 

In  the  derivation  of  equation  (2)  and  (59),  it  is  assumed  that  the  precipitation  of 

solute  by  cooling  exactly  equals  the  rate  at  which  solute  is  incorporated  into 
the  crystal.  The  derivation  assumed  nothing  about  the  undercooling  ,  AT,  which 
could  be  maintained  in  a  crucible.  The  analyses  of  Section  2.  4  show  that  an 
undercooling  of  20°C  should  not  cause  a  high  rate  of  spontaneous  nucleation 
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for  the  20  mole  percent  A!  O  -  80  mole  percent  LaF,  flux  near  1450°C. 

L  O  0 

However,  other  modes  of  growth  may  compete  with  the  screw  dislocation 
process  if  undercoolings  greater  than  5°C  are  maintained. 

Assuming  that  an  undercooling  of  5°C  can  be  maintained,  a  seed 
2 

crystal  with  a  1  cm  surface  area  is  used,  equation  (65)  becomes 


dT  g 

—  =  5.22  -  (°C/hr)  (1  1/2“  x  2  5/8") 

crucible 


dT  g 

—  =  0.32  -  (°C/hr)  ( 4"  x  6") 

crucible 


(68) 


(69) 


where  g/k  may  vary  from  0.3  to  10. 

5.  2.  2  Growth  of  A1  O.  from  the  Flux  by  the  Thermal 

6  0 

Gradient  Method 

The  thermal  gradient  method  of  creating  the  supersaturation 

necessary  for  crystal  growth  operates  by  transferring  solution  saturated  with 

solute  at  temperature,  Tj ,  to  a  region  at  a  lower  temperature,  T 2  .  The  transfer 

can  be  effected  by  external  forces  such  as  stirrers  or  pumps,  by  the  processes 

of  natural  convection,  or  by  a  combination  of  stirring  and  convection.  The 

liquid  which  arrives  in  the  lower  temperature  region  can  arrive  there  at  the 

temperature,  T.  and  solute  concentration,  c  ,  or  at  the  temperature,  T_  and  a 
l  o  L 

supersaturated  solute  concentration  (c  equal  to  c^  at  Tj)  or  at  an  intermediate 
temperature  and/or  solute  concentration. 

In  using  the  thermal  gradient  method,  the  crystal  grower  must  decide 
upon  the  growth  temperature,  T^ ,  and  the  temperature  drop,  T^  -  T^  .  The 
criterion  for  making  this  choice  is  derived  by  equating  the  rate  of  solute 
deposition  upon  the  growing  crystal  face  to  the  rate  of  introducing  precipitable 
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solute  Into  the  growth  zone.  The  precipitable  solute  is  supplied  from  super¬ 
saturated  solution  and  the  technique  of  crystal  growth  must  ensure  that  transfer 
through  the  temperature  drop  actually  ensures  a  state  of  supers aturation  at  the 
crystal. 

The  defining  equation  for  the  thermal  gradient  method  of  generating 
supersaturatlon  in  a  fused  salt  is 


where 

m  is  the  mass  of  melt  swept  by  the  crystal  face  per  hour 

Acq  is  the  finite  change  in  solubility  caused  by  traversing 

the  temperature  drop,  AT,  where  AT  =  T^  -  T 2 

and  the  other  terms  have  been  defined  in  5. 1 . 


(5) 


The  information  which  is  needed  to  make  useful  estimates  about  the 
thermal  gradient  method  is:  (1)  the  amount  of  supers  aturation  produced  by  the 
movement  through  the  temperature  drop,  and  (2)  the  rate  at  which  solution  is 
transferred.  Since  this  transfer  often  occurs  by  the  processes  of  natural  convection, 
one  major  problem  is  to  estimate  the  solution  flow  which  is  caused  by  the  tem¬ 
perature  difference  itself. 


When  solubility  data  are  not  available,  the  term  Acq/  AT  can  be 
estimated  by  assuming  it  is  equal  to  dcQ/dT.  An  approximate  expression  for 
this  quantity  has  been  given  for  aluminum  oxide  in  the  lanthanum  fluoride  melt 
in  Section  5.  2. 1 .  It  is, 


dc 


oM2°3 

dT 


™2°3 


LaF, 


AH. 


RT2 


(62) 
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Substituting  the  values  for  ^  ,  c^p  ,  ,  AH^  ,  and  T  given  in  Section 

2  3  3 

5.  2. 1  in  this  expression,  the  value  of 


Ac 


AT 


c  -  5.  32  x  10'3  (  at  1477°C) 

°U2°3 


or,  the  fractional  amount  of  supersaturation  produced  per  degree  is 

AT  Z  5.  32  x  10 

CoA12°3 

or  about  0.  5%  per  °C  . 

In  attempting  to  estimate  proper  temperatures  and  temperature  drops  for 
growth  from  the  flux,  a  number  of  assumptions  must  be  made.  It  must  be  assumed 
that  the  solution  traversing  the  temperature  drop  is  at  thermal  equilibrium  at 
temperature,  Tj  and  at  temperature,  ,  but  that  solubility  equilibrium  is 
achieved  only  at  temperature  T1 .  The  total  solubility  of  the  solute  is  assumed 
to  remain  constant  as  the  solution  temperature  drops  to,  T ^  ,  so  that  cooled 
solution  is  supersaturated  at  a  known  supersaturation.  In  practical  work,  the 
success  or  failure  of  a  thermal  gradient  growth  experiment  depends  to  a  large 
extent  on  the  precision  with  which  these  conditions  can  be  met  and  baffling 
arrangements  (Ref.  40)  are  often  used  to  achieve  the  desired  equilibria. 

In  making  estimates,  the  crystal  grower  must  also  decide  how  solution 
transfer  across  the  thermal  gradient  is  to  be  accomplished,  whether  by  stirring 
or  natural  convection.  If  either  stirring  or  natural  convection  is  employed, 
it  is  usually  assumed  that  the  cooler  temperature,  is  at  a  position  above 
temperature,  T^ . 
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When  stirring  is  used  to  transfer  solution  from  to  ,  it  is  assumed 
that  the  stirrer  is  equipped  with  blades  that  provide  a  propeller  like  action,  or 
that  baffles  within  the  container  convert  rotary  solution  flow  int^.  vertical  flow. 

It  is  practically  impossible  to  estimate  the  velocity  of  vertical  solution  flow 
under  these  conditions  by  calculation.  It  is  fairly  straightforward  to  estimate 
solution  flow  from  room  temperature  experiments  witn  transparent  apparatus 
using  Reynold's  number  analyses  to  predict  the  behavior  of  the  fused  salts  at 
high  temperatures.  Consequently,  estimates  of  required  temperature  drops  for 
the  thermal  gradient  method  must  be  given  in  terms  of  an  experimentally  determined 
transfer  velocity  when  stirring  is  used. 

If  the  mass  of  melt  swept  by  the  crystal  face  per  hour,  m,  is  moved  by 
stirring,  a  relationship  between  ,  T^  and  the  velocity  can  be  established 
from  the  equation 


m  =  v  p  A 
s 

where 

v  is  the  velocity  of  solution  flow  over  the  crystal  face 

and 

pg  is  the  solution  density  at  the  temperature  of  the 
solution  adjacent  to  the  crystal. 

If  this  expression  is  substituted  into  equation  (5) ,  this  becomes 


Ac 
_ o 

AT 


AT  F 

w 


(70) 


(71) 


If  the  value  of  Ac  /AT  is  assumed  equal  to  that  for  dc  /dT  and  the 
o  o 

approximate  relation  is  used,  equation  (71)  becomes 


4 


* . :  ^c: 

dt  .  p  c 
tg  c  LaF3 


AT  F 

w 


(72) 


Using  the  value  of  dr/dt  given  in  Section  2.  3  for  screw  dislocation 
growth  on  aluminum  oxide  corrected  for  the  change  in  the  diffusion  constant,  this 
expression  reduces  to 

Ik  u_  an.  r 

T  f  W 

AT  =  v  -  ~  -  ~  (73) 

2.  15  g 


'LaF, 


RT2 


If  the  value  of  c_/c  is  taken  as  1/0.8,  T  as  1750°K,  R  as  1.99  cal/mole°K, 
T  LciF  ^ 

AH,  as  26,000,  F  as  101.96,  this  expression  reduces  to 
f  sw 


3  k 

T,  -  T  =  AT  =  0.  9  x  10  v  — 
12  g 


(74) 


where  v  the  velocity  of  solution  flow  is  cm/sec,  AT  in  °C  and  a  screw  dislocation 
mode  of  growth  has  been  assumed. 


Equation  (74)  predicts  the  desired  temperature  difference  should  be  directly 
proportional  to  the  velocity  of  solution  flow.  This  is  primarily  because  of  the 
screw  dislocation  growth  mode  which  predicts  growth  rate  as  proportional  to 
the  square  of  the  undercooling. 


When  crystal  growth  is  attempted  with  a  thermal  gradient  method  of 
inducing  supersaturation  using  stirring  to  effect  solution  flow,  velocities  of 
solution  flow  greater  than  those  required  for  a  given  temperature  drop  will  result 
in  unused  solution  being  circulated  back  to  the  hotter  zone.  If  velocities  are 
less  than  those  required  by  equation  (74),  growth  will  be  slower  than  is  proper 
and  a  "starvation"  effect  may  occur  at  the  crystal  face  with  solvent  inclusions. 

When  natural  convection  is  used  to  accomplish  transfer  across  the 
temperature  drop,  calculated  estimates  of  the  velocity  of  fluid  flow  may  be 
uncertain  by  as  much  as  a  factor  of  ten.  Relations  which  permit  estimates  of 
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4  onvective  flow  are  generally  not  available  for  special  geometrical  shapes  In 
the  growing  zone  or  do  not  consider  the  effects  of  stirring.  Nevertheless, 
estimates  of  convective  flow  are  useful  in  establishing  working  temperature 
drops  and  showing  the  approximate  fluid  velocities  that  may  be  expected. 

If  the  mass  of  melt  swept  by  the  crystal  face  per  hour,  m ,  is  moved  by 
natural  convection,  it  is  necessary  to  first  establish  whether  '  ‘.rural  convection 
can  take  place  before  estimates  of  the  flow  can  be  made. 

The  condition  which  relates  the  onset  of  convective  flow  to  the  tem¬ 
perature  drop  across  a  horizontal  liquid  zone  in  the  growth  crucible  was  given 
in  Section  2.  5  for  e  static  liquid  without  rotation.  This  is, 

a  L30  >  1108  '75) 

where 

a  is  the  convective  modulus  of  the  liquid 
L  is  the  thickness  of  the  horizontal  liquid  zone 

and 

$  is  the  temperature  difference  between  the  top  and 
bottom  of  the  liquid  layer 

If  the  value  of  the  solution  constants  are  taken  as 

p  =  4.  44  gm/cm3 
p  =  9.  8  x  10  gm/cm  sec 
K  =  3.02  cal  cm/sec  cm^  °K 
0  =  8.  65  x  10“4/°K 

The  value  of  c  for  the  80  mole  percent  LaF.  -  20  mole  percent  A1_0.  solution 
p  3  2  3 

is  computed  from  the  expression, 

[0.  20  (2  +  3)  +  0.  80  (  1  +  3)  ]  8 
P  0.  20  x  101.96  +  0.  80  x  195.  92 
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as, 

c  =  0.19cal/gm°K 
P 

and  g  is  taken  as  980.  665  cm/sec^. 

The  value  of  the  convective  modulus,  a,  which  is  given  by  the 
expression 

„  _  P  °P*  (46) 

HlK 

is  computed  to  be 

a  =  1620  cm“3  °C_1 


Therefore,  a  liquid  depth,  L,  of  one  centimeter  and  a  temperature 
difference,  Q,  of  1°C  should  be  sufficient  to  ensure  the  establishment  of 
convective  flow  when  there  is  no  rotation  in  the  liquid. 


Having  determined  the  minimum  conditions  necessary  for  the  establish¬ 
ment  of  natural  convective  flow,  the  magnitude  of  the  convective  flow  may  be 
estimated  from  equations  (53)  and  (55). 


or 


V 

av 


(gm/cm 


2 


sec)  = 


K 


Lc 

P 


0.  208 


v  (cm/sec)  = 
av 


(gm/cm  sec)  = 


(76) 


1 


The  average  convective  flow  created  by  a  20°C  temperature  drcp  in  a 
crucible  without  stirring  has  been  estimated  for  the  80  mole  percent  LaF^  - 
20  mole  percent  solution  at  1450°C  for  two  crucible  depths.  One,  a 

depth  of  2  1/2"  corresponds  to  the  probable  depth  a  andard  molybdenum 
1  1/2"  diameter  x  2  5/8"  crucible  might  be  filled.  The  other  depth  5"  corresponds 
to  the  depth  a  standard  4"  diameter  x  6"  crucible  might  be  filled.  The  results 


for  a  20°C  temperature  difference  between  the  bottom  and  top  of  the  liquid 
layers  are, 

V  =  0.17  gm/sec  cm^ 

2  1/2"  depth  av 

a  0.  04  cm/sec 

V  =  0. 15  gm/sec  cm1, 

5"  depth  av 

a  0. 03  cm/sec 


The  estimates  of  convective  flow  are  given  first  in  terms  of  gm  sol/ 
cm  sec  and  then  converted  to  cm/sec  because  natural  convective  flow  between 
horizontal  layers  tends  to  occur  in  cells  spread  uniformly  across  the  horizontal 
areas.  Ascending  and  descending  streams  are  grouped  together  in  each  cell. 
The  actual  velocity  of  an  ascending  or  descending  stream  may  vary  over  the 
cell  so  that  the  values  of  velocity  given  are  averages  calculated  from  the 
average  mass  flow.  These  values  are  for  an  essentially  static  system  without 
stirring. 

A  20°C  difference  for  T^  -  T ^  was  chosen  for  the  calculation  since  this 

is  a  temperature  difference  which  is  conveniently  established  experimentally  at 

o  o 

temperatures  of  1400  C  to  1500  C.  The  values  of  average  convective  fluid 

Q 

velocity  estimated  for  the  20  C  drop  are  small.  It  can  be  shown  that  an  even 
smaller  temperature  difference  is  sufficient  to  provide  convective  flow  which 
satisfies  the  screw  dislocation  growth  rate. 
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Using  the  expression  for  m  of, 


Equation  (77)  can  be  solved  by  trial  and  error. 

In  the  trial  and  error  solution,  the  value  of  p,  the  interfacie.1  energy 

of  aluminum  oxide  in  the  flux  is  replaced  with  the  product ,  ka  ,  where  cr 

o  o 

is  the  value  of  the  interfacial  energy  of  aluminum  oxide  in  vacuum. 

The  solution  for  AT  depends  on  the  values  chosen  for  k,  g,  and  A.  If 
the  ratio  k/gA  equals  unity,  a  temperature  difference  of  5°C  across  either  the 
2  1/2"  or  5"  depth  will  provide  sufficient  convective  flow  to  satisfy  the  screw 
dislocation  mode  of  growth  provided  there  is  no  stirring  or  forced  rotation  of 
the  liquid. 

In  practice,  rotational  stirring  is  essential  as  will  be  shown  in  the 
following  section.  This  type  of  stirring  is  needed  not  to  effect  transfer  of 
solution  from  T^  to  T2>  but  to  ensure  that  the  flow  of  liquid  past  the  growing 
crystal  face  is  rapid  enough  to  prevent  solvent  inclusions.  Temperature 
differences  even  smaller  than  5°C  may  be  required  under  these  conditions 
because,  as  will  be  shown,  restrictions  upon  the  allowed  undercooling  are 
introduced  when  conditions  are  adjusted  to  prevent  solvent  inclusion  during 
growth. 

5.  3  The  Prevention  of  Solvent  Inclusions 

The  only  microscopic  crystal  defects  for  whicli  the  conditions 
of  formation  are  described  by  a  formal  relationship  involving  growth  and 
solution  properties  are  solvent  inclusions.  These  are  formed  when  solution 
flowing  across  a  yrowing  crystal  face  becomes  depleted  of  its  supersaturation. 
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Two  crystalline  dimensions  must  be  considered  in  estimating  the 
size  of  crystals  which  may  be  grown  without  inclusions.  The  first  is  the 
length  of  crystal  face  parallel  to  the  flow  of  solution.  The  second  is  the 
thickness  of  the  crystal  perpendicular  to  the  solution  flow.  While  only  the 
length  of  a  perfect  crystal  face  which  can  be  grown  parallel  to  the  solution 
flow  is  treated  by  the  theory,  the  face  perpendicular  to  the  flow,  the  thickness, 
is  of  great  practical  interest,  for  this  dimension  determines  the  total  duration 
of  a  crystal  growth  experiment. 

The  length  of  crystal  face  that  may  be  grown  without  solvent  inclusions 
may  be  estimated  by  Carlson's  equation*  This  equation  relates  the  rate  of 
solute  deposition  on  a  flat  plate  to  the  velocity  and  supersaturation  of  the 
solution  flowing  over  it.  The  rate  of  deposition  is  constant  over  the  surface 
but  the  supers aturation  of  the  solution  changes  as  solute  is  deposited.  The 
length  of  crystal  that  can  be  formed  without  inclusions  under  these  conditions 
is 


where 


v 

D 

c 


is  the  solution  velocity  (cm/sec) 

is  the  diffusion  constant  (cm  /sec) 

is  the  supersaturation  concentration  away  from 

the  plate  (moles/cm^) 

is  the  equilibrium  solubility  (moles/cm  ) 

II 

is  the  dimensionless  Schmidt  number,  P  ,  = 


H  is  the  fluid  viscosity  (gm/cm  ),  and  p 
is  the  fluid  density  (gm/cm 


psd 


and 


is  the  crystal  density 


(gm/cm^) 


dr 

dt 


is  the  rate  of  advance  of  the  crystal  face  (cm/sec) 


3 

The  product  ( p/F  )  dr/dt  is  the  growth  rate  in  the  dimensions  of  gm  moles/cm  . 
sw 

If  dr/dt  is  assumed  to  be  determined  by  the  screw  dislocation  growth  rate  and 
the  increment  of  supersolubility  is  expressed  in  the  approximate  form, 

c  AS  AT 

c  -  c  =  — - - —  (78) 

O  RT 


Then  the  expression  for  Xg  becomes 


X  = 
s 


2  2 

85.  5  o-  v  F  exp  I 
sw  ' 


/  2  AS  AT  V 

\  RT  / 


„  1/3 _  2  2  a02  A  2 
P  .  '  Dp  g  AS  AT 
d  c 
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From  equation  (56)  it  can  be  seen  that  the  smaller  the  growth  rate,  dr/dt, 
the  longer  the  crystal  face  which  can  be  grown  without  inclusions.  If  the  time 
for  growth  is  considered  inversely  proportional  to  the  rate  at  which  the  crystal 
face  advances,  dr/dt,  the  length  of  the  crystal  parallel  to  the  flow  which  can 
be  grown  without  inclusion  is  proportional  to  the  square  of  this  time.  Consequently, 
for  a  given  desired  crystal  thickness,  the  total  duration  of  the  growth  period 
increases  by  the  square  root  of  the  length  of  the  crystal  face. 

In  the  alternate  formulation  of  equation  (56),  the  dependence  on  the  growth 
rate  becomes  a  dependence  on  the  inverse  square  of  the  undercooling,  i.  e. ,  the 
greater  the  undercooling,  AT,  the  shorter  the  crystal  face  that  can  be  grown. 
Equation  (79)  also  shows  the  inverse  relationship  of  crystal  length  with  the 
diffusion  constant.  Small  diffusion  constants  increase  crystal  perfection. 

The  conditions  whicn  are  required  to  produce  crystal  faces  of  aluminum 
oxide  free  from  solvent  inclusions  when  using  the  80  mole  percent  LaF^  -  20  mole 
percent  ^ux  can  estimated  ^rom  equation  (79).  In  the  estimates  a  tem¬ 

perature  of  1477°C  (1750°K)  has  been  assumed. 


For  a  1°C  undercooling,  cq  assumed  equal  to  0.  00512  moles  Al^O^/cm'*, 
a  screw  dislocation  mode  of  growth,  and  the  values  of  p. ,  p,  and  D  of  Section 
4.  3  a  value  of  is  computed  equal  to, 

X  =  1.7  x  10  ^  v  (cm)  (80) 

s 

If  the  same  calculation  is  repeated  for  a  5°C  undercooling,  the  value 

of  X  becomes, 
s 

X  =  6.  8  x  10  **  v  (cm)  (81) 

s 

The  solution  velocities  which  are  required  to  obtain  useful  lengths  of 
sapphire  crystals  from  a  LaF,j  -  ^ux  3162  quite  Laudise  used 

stirring  rates  of  200  r.  p.m.  for  the  growth  of  YIG  crystals  from  a  RaO  -  B  O 

Lt  d 

flux  (Ref.  2,40). 

If  a  rotation  speed  of  200  r. p.m.  is  assumed  for  the  stirrer,  and  a  radius 
of  rotation  equal  to  one-half  the  diameter  of  the  crucible  containing  the  melt, 
the  speeds  of  flow  across  the  crystal  face  can  be  estimated.  These  are: 

1.5"  diameter  crucible  -  V  =  20  cm/sec 
4"  diameter  crucible  -  V  =  53  cm/sec 

When  these  speeds  are  used  in  the  expressions  for  X&  at  1°C  and  5°C 
undercooling  (equation  and  )  the  results  are: 

X  -  1.  5"  diameter  crucible 

S  o  -i 

1  C  undercooling  =  0.  3  x  10  cm 

5°C  undercooling  =  1  x  10  ^cm 

X  -  4"  diameter  crucible 
s  _1 

1  C  undercooling  =  0.9  x  10  cm 
5°C  undercooling  =  4  x  10  cm 

These  results  for  X  predict  that  for  1  1/2"  and  4"  diameter  crucibles, 
s 

only  crystal  face  lengths  of  the  order  of  a  millimeter  can  be  produced  without 
solvent  inclusions  at  1°C  or  5°C  undercoolings  and  stirring  rates  of  200  r.p.m. 
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These  iengths  can  be  increased  if  smaller  undercoolings  can  be  maintained  in 

the  growth  system.  An  undercooling  of  0. 1°C,  increase  the  value  of  X  by  a 

s 

factor  of  100,  so  that 

3  cm  (1.5"  diameter  crucible) 

X  0. 1  C  undercooling 

9  cm  (4"  diameter  crucible) 

It  is  clear  from  the  estimates  of  solution  velocities  produced  by  convection 
in  Section  5.  2.  2,  ~  0.04  cm/sec,  that  large  crystals  without  solvent  inclusions 
could  not  be  produced  with  even  a  1°C  undercooling  if  solution  flow  across  the 
crystal  face  were  provided  only  by  convection. 

i 

The  practical  difficulty  in  using  very  small  undercoolings  to  grow  long 
crystal  faces  free  of  solvent  inclusions  is  the  long  time  required  to  increase 
the  crystal  size  (thickness)  in  a  direction  perpendicular  to  the  solution  flow. 

If  the  growth  rate  by  the  screw  dislocation  mode  is  computed  for  the 
0. 1°C  undercooling,  the  value  of  dr/dt  is: 

dr  g 

”  =  1.  1  x  10  7  (cm/hr)  (82) 

dt  k 

This  corresponds  to  a  growth  of  0.96  g/k  cm/yr.  Again  the  major  uncertainty 
is  in  the  value  of  k,  the  ratio  of  the  crystal  interfacial  energy  in  the  solution 
to  its  energy  in  vacuum.  If  k  has  a  value  near  0. 1,  the  rate  of  growth  of  perfect 
crystals  could  correspond  to  a  centimeter  per  month  at  a  0..  1°C  undercooling. 

5.  4  Factors  which  Influence  Crystal  Perfection 

In  order  to  find  new  fused  salt  solvents  which  could  lead  to  the 
growth  of  more  perfect  crystals  or  to  the  growth  of  larger  crystals  free  of  solvent 
inclusions,  it  is  useful  to  examine  Carlson's  equation  (56)  in  terms  of  crystal 
and  solution  variables.  Such  an  examination  was  begun  in  Section  5.  3  where 
substitutions  for  the  supersolubility  and  growth  rate  produced  equation  (79). 
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If  this  latter  equation  is  further  modified  by  using  the  Stokes  Einstein  equation 
to  express  the  diffusion  constant  in  terms  of  the  radius  of  the  diffusing  ion  or 
molecule  and  the  viscosity  of  the  solution,  the  result  is. 


X  =  605 
s 


2,,  2/3  1/3  1/3 

v  <r  (i)  n  P  exp 
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/  2 AS  AT\  2 

\  RT  /  sw 


as2at2t2/3(^)2/3  p 


where 

v 


cr 
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AT 

T 
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sw 

and 
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is  the  velocity  of  solution  sweeping  along  the  crystal 
face  (cm/sec) 

is  the  interfacial  surface  energy  of  the  crystal  (cal/cm  ) 
is  the  radius  of  the  diffusing  molecule  (cm) 
is  the  viscosity  of  the  solution  (gm/cm  sec) 
is  the  density  of  the  solution  (gm/cm'*) 

is  the  density  of  the  crystal  (gm/cm3) 

is  the  entropy  change  on  precipitation  of  aluminum 

oxide  (cal/°C  mole) 

is  the  undercooling  of  the  solution  ( °K) 

is  the  temperature  where  growth  occurs,  (°K) 

is  the  gas  constant  (cal/  °K  mole) 

is  the  molecular  or  formula  weight  of  the  solute 

is  Avogadro's  number 


(83) 


It  can  be  seen  that  not  only  is  the  length  of  crystal  which  can  be  grown 
without  inclusion  directly  proportional  to  the  solution  velocity,  and  inversely 
proportional  to  the  square  of  the  undercooling  but  that  the  crystal  length  is 
proportional  to  the  square  of  the  interfacial  surface  energy.  Consequently, 
high  interfacial  surface  energies  which  lower  the  screw  dislocation  growth  rate, 
greatly  increase  the  length  of  crystal  which  can  be  grown  free  of  inclusions. 
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Contrary  to  most  conventional  thinking  about  desired  flux  properties, 
the  solution  viscosity  itself  has  little  effect  on  the  length  of  the  crystal  which 
may  be  produced  free  of  inclusions.  The  same  may  be  said  for  the  solution 
density.  Both  of  these  factors  affect  die  crystal  length  by  the  one-third  power. 
The  radius  of  the  solute  ion  or  molecule,  r ,  which  is  not  amenable  to  change 
enters  into  the  expression  for  Xg  as  die  two-thirds  power.  i 
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VI. 


CONCLUSIONS  ANr  RECOMMENDATIONS 


A  study  has  been  conducted  of  the  solution  variables  and  crystal 
growing  parameters  which  control  the  growth  of  large  perfect  crystals  of 
sapphire  and  ruby  from  fused  salt  solvents.  The  objectives  of  the  program 
were  twofold:  (1)  to  identify  and  understand  the  dominant  variables  in  the 
flux  growth  of  ruby  and  sapphire,  and  (2)  to  provide  means  for  predicting  the 
sizes,  shapes  temperature  gradients,  and  cooling  rates  of  crystal  growing 
systems  which  would  lead  to  the  optimum  production  of  ruby  and  sapphire 
from  given  fused  salt  solvents.  The  study  contained  both  experimental 
measurements  and  theoretical  analyses.  The  results  of  the  study  are: 

1.  The  development  of  a  set  of  working  formulas  for  the  prediction 
of  suitable  growth  conditions  from  fused  salt  fluxes.  Formulas  are  presented 
for  the  efficient  development  of  supersaturation  by  the  slow  cooled  and  thermal 
gradient  methods  and  for  determining  the  conditions  necessary  to  prevent 
solvent  inclusions,  the  common  defect  of  flux  grown  crystals.  The  formulas 
have  been  obtained  either  from  the  open  literature  on  crystal  growth,  by 
derivation,  or  by  modification  of  crystal  growing  equations  for  other  media. 
They  include  means  for  predicting  the  change  of  solubility  with  temperature 
when  measured  data  are  not  available,  means  for  estimating  the  probable 
magnitude  of  convection  currents,  means  for  predicting  the  effects  of  stirring, 
and  means  fur  estimating  the  conditions  which  may  cause  homogeneous 
nucleation. 

2.  Specification  of  the  qualities  which  make  growth  of  refractory 
oxides  from  fused  salt  fluxes  a  unique  crystal  growing  problem.  The  primary 
distinction  between  fused  salt  fluxes  and  other  crystal  growing  solvents  has 
been  shown  to  be  due  oniy  to  the  high  temperatures.  These  lower  the  free 
energy  available  for  crystal  growth  with  a  concomitant  reduction  in  the 
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supersaturation  possible  from  given  undercoolings. 

3.  The  factors  which  control  the  growth  rate  of  aluminum  oxide  from 
fused  salt  fluxes  have  been  examined.  The  examination  included  consideration 
of  the  screw  dislocation  mode  of  growth,  the  mononuclear  mode  of  growth,  the 
polynuclear  mode  of  growth,  diffusion  controlled  growth,  and  heat  flux  controlled 
growth. 

4.  Experimental  determinations  of  the  density  and  viscosity  of  an 

80  mole  percent  LaF^  -  20  mole  percent  ^ux  as  a  ^unction  °f  temperature 

have  been  made  and  the  results  reported.  Equipment  was  constructed  to 
determine  the  solubility  of  in  the  same  flux  but  determinations  of  this 

solubility  did  not  prove  successful. 

5.  The  formulas  for  predicting  growth  conditions  have  been  applied 
to  the  growth  of  aluminum  oxide  from  an  80  mole  percent  LaF3  -  20  mcle  percent 
A1203  flux.  Equations  are  given  for  the  cooling  rate  to  be  employed  for  a  slow 
cooling  method  of  generating  supersaturation,  and  for  the  temperature  gradients 
and  solution  flows  required  if  the  thermal  gradient  method  of  generating  super¬ 
saturation  is  used.  The  lengths  of  crystals  which  could  be  grown  free  of  solvent 
inclusions  have  been  estimated  for  two  crucible  sizes,  and  three  undercoolings. 

It  has  been  concluded  that; 

| 

1.  The  screw  dislocation  mode  of  growth  is  probably  the  dominant 
growth  process  for  sapphire  and  ruby  at  moderate  undercoolings  in  the  fluxes 
of  interest.  Limitations  upon  the  growth  rate  from  heat  dissipation  processes 
are  not  expected  to  occur  during  the  flux  growth  of  sapphire  and  ruby  except 
for  special  experimental  arrangements. 

2.  The  rate  of  homogeneous  nucleation  of  sapphire  and  ruby  nuclei 
in  fused  fluxes  between  1400°C  and  1500°C  is  probably  very  low  at  undercoolings 
up  to  20°C.  The  production  of  batches  of  many  small  crystals  must  occur 


84 


from  large  undercoolings  or  from  the  introduction  of  heterogeneous  nuclei  into 
the  melts. 

3.  Any  batch  growth  process  for  the  flux  growth  of  large  sapphire 
and  ruby  crystals  must  allow  for  mass  solvent  flow  within  the  container 

by  stirring.  Convection  and  diffusion  rates  along  are  not  sufficient  to  produce 
good  crystals  or  more  than  microscopic  size. 

4.  The  presence  of  solvent  inclusions  and  similar  defects  in  flux 
grown  crystals  is  to  be  expected  when  batch  experiments  arc  carried  out 
without  stirring.  Such  defects  are  caused  by  hydrodynamic  factors  in  the 
crystal  growth  system  and  should  not  be  used  as  evidence  against  the  exploitation 
of  a  particular  fused  salt  flux. 

5.  Growth  of  perfect  crystals  of  sapphire  or  ruby  from  fused  salt 
solvents  in  general  will  require  relatively  large  diameter  crucibles  (4"  or  more), 
high  stirring  rates  (200  r.  p.m.),  and  small  undercoolings.  The  major  problem 
which  the  crystal  grower  must  face  in  attempting  the  growth  of  large  perfect 
sapphire  or  ruby  crystals  from  a  fused  salt  solvent,  such  as  the  80  mole  percent 
LaF  -  20  mole  percent  A1  O  solvent,  is  caused  by  the  total  time  needed  to 

O  Z  o 

produce  a  crystal  of  a  desired  thickness. 

It  is  recommended  that; 

1.  The  flux  technique  of  crystal  growth  be  considered  a  use¬ 
ful  working  tool  for  the  growth  of  large  perfect  crystals  of  refractory  materials. 
Present  difficulties  with  the  method  can  be  overcome  by  planned  logical  effort. 

2.  The  factors  which  are  needed  to  predict  conditions  for  the 
crystal  growth  of  ruby,  sapphire  and  other  technologically  important  refractory 
oxides  be  investigated.  These  factors  are; 

a.  Solute  solubilities 

Measurement  of  the  solute  solubilities  which 
include  the  densities  of  the  saturated  fluxes  are  required. 

35 


b.  The  diffusion  constant  of  the  solutes  in  their  fluxes 

Direct  measurements  of  the  diffusion  constants 
for  solutes  are  desirable  but  estimates  of  their  magnitude 
may  be  obtained  from  viscosity  measurements  upon  the 
molten  fluxes. 

c.  The  interfacial  energies  of  crystalline  solutes  in  the 
fluxes 

Measurements  and/or  calculations  of  crystalline 
interfacial  energies  in  fluxes  are  urgently  needed.  The 
probable  mode  of  growth  in  fused  salt  solvents,  the  screw 
dislocation  process,  causes  the  length  of  crystals  which 
can  be  grown  free  of  solvent  inclusions  to  be  dependent  on 
the  square  of  the  interfacial  energy.  The  time  period  re¬ 
quired  for  growth  is  directly  proportional  to  the  interfacial 
energy. 

3.  Preliminary  appraisals  be  made  for  a  number  of  fused  salt 
solvents  which  have  shown  promise  for  the  growth  of  single  crystals  of  re¬ 
fractory  oxides  now  unobtainable  by  other  growth  methods.  These  appraisals 
should  encompass  predictions  of  probable  changes  in  solubility  with  temperature, 
cooling  rates  or  temperature  gradients,  and  length  of  crystals  which  can  be 
expected  to  be  grown  without  solvent  inclusions. 

4,  A  detailed  study  be  carried  out  upon  the  factors  which 
influence  the  distributions  of  dopants  in  flux  grown  crystals. 
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I.  INTRODUCTION 


Work  on  Contract  No.  AF  19(628)-6656  is  directed  to  solution 
studies  on  fused  salt  systems  in  order  to  provide  information  for  the 
growth  of  sapphire  and  ruby  crystals.  The  program  includes  experi¬ 
mental  measurements  and  estimates  of  the  sizes,  shapes  and  tem¬ 
perature  gradients  of  crystal  growing  systems  required  for  flux 
growth. 

During  the  first  quarter  a  library  search  of  the  available  flux 
systems  for  ruby  growth  was  carTied  out.  The  initial  results  of  this 
study  were  issued  in  the  form  of  a  technical  report,  ASE-1100,  Syn¬ 
thetic  Spinel  Flux  Growth  Survey  (Ref.  1).  The  study  covered  the 
published  literature  from  1907  to  30  August  1965. 

The  results  of  the  literature  survey  and  the  recent  work  by 
Dugger  (Ref.  2)  indicate  that  studies  of  solubilities  and  phase  equi¬ 
libria  for  melts  of  the  alkaline  earth  fluorides  and  aluminum  oxide  are 
needed  before  further  progress  on  the  growth  of  large  crystals  can  be 
exoected.  An  experimental  program  to  determine  these  variables  has 
been  initiated. 


II 


TECHNICAL  DISCUSSION 


Flux  techniques  offer  promise  of  producing  the  most  perfect 
sapphire  and  ruby  crystals  for  laser  use.  Dislocation  counts  less 
by  a  factor  of  ten  than  the  best  crystals  from  the  Vemeuil  or  Czochral- 
ski  processes  have  been  produced  by  flux  methods  (Ref.  3,  4,  5).  How¬ 
ever,  to  date,  sapphire  and  ruby  crystals  grown  by  the  technique  have 
been  small,  often  contained  flux  inclusions,  and  have  shown  twinning 
and  inhomogeneous  doping. 

The  defects  of  flux  grown  crystals  arise  from  two  different  sets 
of  variables.  The  first  of  these  is  the  solubility  temperature  relation¬ 
ships  which  control  nucleation  and  the  total  nutrient  material  avail¬ 
able  for  growth.  The  second  is  the  transfer  variables  which  control 
the  flow  of  heat  and  mass  to  and  from  the  growing  crystal  face. 

Solubility  temperature  data  for  aluminum  oxide  flux  systems  are 
rare.  Previous  interest  has  concentrated  on  those  reactions  of  alumi¬ 
num  oxide  which  are  of  interest  to  ceramists  rather  than  those  of  im¬ 
portance  to  crystal  growth.  The  systems  which  have  been  used  for 
flux  growth  of  sapphire  and  ruby  have  been  summarized  by  Cobb, 
Adamski,  and  Wallis  (Ref.  6).  Previous  work  has  been  almost  exclu¬ 
sively  confined  to  lead  based  systems. 

The  most  interesting  unstudied  systems  with  vapor  pressures 
low  enough  to  allow  work  with  open  crucibles  are  those  based  on  LiF, 
MgF^,  BaF^,  and  MnF^.  These  materials  have  melting  temperatures 
below  1300°C  and  because  of  their  fluoride  anions  should  be  good 
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solvents  for  oxides.  Cerous  fluoride  (CeF^i  melting  point  1430  C, 
and  lanthanum  fluoride,  melting  point  1493°C,  are  additional  possi¬ 
bilities. 

It  is  planned  to  determine  the  temperature  dependence  of  the 
solubility  of  aluminum  oxide  in  these  fluxes  during  the  next  working 
periods.  The  solubilities  and  specifications  of  the  phases  which  prs' 
cipitate  should  clarify  the  usefulness  of  these  fluxes  for  ruby  and 
sapphire  growth. 
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I.  INTRODUCTION 

Work  on  Contract  No.  AF  19(628)-5656  is  concerned  with  studies  on 
fused  salt  systems  with  the  purpose  of  providing  growth  factor  data  for  the  flux 
growth  of  sapphire  and  ruby  crystals.  The  problem  includes  experimental 
measurements  of  the  sizes,  shapes,  and  temperature  gradients  of  systems 
used  in  flux  growth. 

During  the  second  quarter,  techniques  were  devised  for  studying  the 
solubility  and  supersolubility  relations  of  aluminum  oxide  and  its  compounds 
in  fluoride  based  fluxes.  These  techniques  are  to  be  applied  to  fluxes  found 
in  the  AFCRL  survey  (Ref.  1) .  The  solubility  data  obtained  in  the  study 
should  delineate  the  regions  where  spontaneous  nucleation  can  be  expected 
and  permit  cooling  schedules  which  avoid  the  onset  of  single  crystal  growth 
from  multiple  sites. 

The  rationale  behind  the  experimental  approach  and  the  equipment  now 
under  construction  is  described  in  Section  II. 
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II.  TECHNICAL  DISCUSSION 


A  large  number  of  flux  systems  suitable  for  the  growth  of  sapphire  have 
become  available  as  a  result  of  recent  work. 

Dugger  (Ref.  1)  has  studied  63  flux  systems  for  potential  use  as  media 
for  the  growth  of  aluminum  oxide  crystals  (corundum).  Crystals  of  corundum 
were  found  in  the  cooled  matrixes  of  23  of  the  fluxes.  A  substantial  number 
of  the  other  fluxes  produced  crystals  with  a  spinel  structure. 

The  technique  of  growth  used  for  the  survey  studies,  slow  cooling  through 
a  300°  temperature  range  for  a  period  of  about  50  hours,  produced  a  large  crop 
of  seed  crystals  which  inhibited  the  growth  of  large  single  crystals.  The 
occurrence  of  this  excessive  nucleation  is  characteristic  of  flux  growth  by 
a  slow  cooling  technique. 

Multiple  nucleation  can  be  avoided  by  forced  growth  upon  a  seed  crystal. 

An  exact  knowledge  of  the  solubility  temperature  relationships  of  the  aluminum 
oxide  in  the  flux  is  needed  to  accomplish  this.  In  addition,  a  controlled 
temperature  gradient  in  the  growth  chamber  is  necessary.  With  sufficient 
information  about  solubilities  and  the  establishment  of  a  suitable  temperature 
gradient  in  the  chamber,  growth  of  large  crystals  from  a  flux  can  be  accomplished 
by  either  slow  cooling  in  the  presence  of  a  seed  or  use  of  a  constant  average 
temperature  within  the  crucible  and  effecting  solute  transfer  to  the  seed  through 
convection  produced  by  the  temperature  gradient  (Ref.  2). 

Techniques  suitable  for  the  precise  determination  of  solubilities  in  the 
temperature  regions  of  interest  to  the  present  program  (1000°  to  1600°C)  have 
been  described  by  Barton,  et  al,  Friedman,  Tucker  and  Joy  (Ref.  3,  4,  and  5). 

Two  types  of  measurements  are  required,  thermal  analysis  and  quenching  studies. 
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Thermal  analysis  (cooling  curves)  is  used  to  locate  the  temperatures 
of  the  phase  reactions  which  occur  at  fixed  temperatures.  These  comprise 
eutectic,  peritectic  and  congruent  melting  reactions.  Quenching  studies  are 
used  to  locate  the  liquidus  boundaries  and  determine  the  primary  phases 
present  at  temperature. 

The  thermal  analysis  apparatus  under  construction  for  the  flux  studies 
is  shown  in  Figure  1.  Flux  is  held  in  a  crucible  (molybdenum  for  the  fluoride 
fluxes)  placed  in  a  machined  graphite  block.  The  container  block  has  a 
machined  cover  through  which  a  stirrer,  inert  gas  feed  and  thermocouple  are 
inserted.  The  whole  apparatus  is  heated  in  a  2"  diameter  globar  furnace 
lined  with  a  high  temperature  alumina  tube.  Temperature  is  measured  with  a 
platinum  -  platinum  rhodium  thermocouple  and  an  Esterline  Angus  potentiometric 
recorder. 

The  gradient  quenching  apparatus  is  shown  in  Figure  2.  A  temperature 
gradient  is  established  along  the  block  by  prior  positioning  in  the  furnace. 

The  temperatures  within  th°  block  are  read  by  thermocouples.  A  tube  contain¬ 
ing  flux  with  a  known  composition  by  weight  is  placed  within  the  block, 
allowed  to  come  to  thermal  equilibrium  and  then  dropped  from  the  block  into 
oil.  The  relationships  of  the  flux  and  precipitates  at  various  temperatures 
are  determined  by  noting  the  condition  of  the  solidified  flux  as  a  function  of 
its  longitudinal  position  in  the  tube.  The  contemplated  fluxes  and  temperatures 
necessitate  that  the  initial  quenching  block  be  constructed  from  a  molybdenum 
rod.  To  avoid  the  difficulty  of  making  long  holes  in  molybdenum,  the  rod  will 
be  sectioned  and  the  holes  cut  in  each  half  with  a  milling  machine.  The 
machined  halves  will  then  be  fastened  together.  The  quenching  block  contains 
a  1/4"  center  hole  in  which  is  placed  the  quenching  tube.  Six  side  holes 
5/32"  in  diameter  lead  into  the  central  chamber.  These  holes  are  for  the 
introduction  of  thermocouples. 
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The  quenching  tubes  for  the  fluoride  fluxes  will  be  constructed  of 
1/8"  diameter  molybdenum  tubing  having  a  0.016  wall  thickness.  The 
tubes  will  be  filled  with  previously  fused  melts  and  crimpe^  :.L  approximately 
1/4"  intervals  to  allow  precise  determination  of  the  temperatures  where 
specific  phases  occur. 
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III.  DISCUSSION 

Seeded  growth  of  perfect  corundum  and  spinel  crystals  from  a  molten 
flux  has  never  been  reported  although  technically  this  should  be  easier  to 
accomplish  than  growth  by  the  methods  now  employed.  The  information  needed 
for  controlled  growth  is  (1)  a  knowledge  of  the  possible  fluxes,  (2)  good 
solubility  data  for  the  most  promising  fluxes,  and  (3)  proper  growth  chamber 
des.gn  to  provide  a  uniform  flow  of  nutrient  to  the  growth  crystal. 

The  work  now  underway  at  the  AFCRL  Laboratories  is  steadily  revealing 
new  and  more  powerful  flux  systems.  The  determination  of  solubilities  for 
the  most  promising  of  these  systems  will  require  tedious  and  lengthy  measure¬ 
ments.  These  measurements  are  essential  to  success  in  extrapolating  to 
larger  growth  systems. 
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I. 


INTRODUCTION 


Contract  No.  AF  19(628)  —  5656  is  directed  to  experimental  measurements 
of  fused  salt  systems  and  calculations  of  the  sizes,  shapes,  and  probable 
temperature  gradients  required  for  the  growth  of  crystals  from  such  systems. 

The  purpose  of  both  the  experimental  and  calculation  programs  is  to  provide 
growth  factor  data  for  the  flux  growth  of  sapphire  and  ruby  crystals.  The 
solution  parameters  which  are  to  be  investigated  by  experimental  measurement 
are  solubility,  supersolubility,  vapor  pressure,  viscosity  and  density. 

In  the  first  quarter  of  the  program,  a  complete  library  search  of  the 
available  flux  systems  for  ruby,  sapphire,  and  spinei  was  performed  using 
Chemical  Abstracts  as  the  primary  reference  source.  The  results  were  issued 
as  a  report  (Ref.  1) , 

In  the  second  quarter,  methods  for  the  determination  of  solubility  and 
supersolubility  in  the  temperature  regions  of  interest  were  studied.  Equipment 
for  these  measurements  was  designed,  and  construction  of  the  equipment 
initiated. 

During  the  third  quarter  of  the  program,  the  construction  of  equipment 
for  solubility  and  supersolubility  studies  was  completed.  The  design  of  equip¬ 
ment  for  density,  viscosity,  and  vapor  pressure  measurements  at  high  temper¬ 
atures  was  carried  out  and  construction  of  this  equipment  begun.  In  addition, 
a  method  of  analyzing  the  complex  differential  thermal  analysis  data  now 
becoming  available  for  fused  salt  systems  was  devised  at  the  request  of  the 
Project  Scientist. 

The  theory  behind  the  density,  viscosity,  and  vapor  pressure  measure¬ 
ments,  and  the  equipment  now  under  construction  is  described  in  Section  II. 

An  example  of  the  method  of  treating  differential  thermal  analysis  data  is 
given  in  Section  III. 
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The  parameters  which  are  needed  to  make  predictions  about  convective 
flow  and  critical  length  are  the  density,  viscosity,  and  the  variation  of  density 
with  temperature.  Although  the  thermal  conductivity  enters  into  the  equations 
as  an  additional  constant,  this  should  be  a  slowly  varying  function  at  the 
temDeratures  of  interest.  It  can  be  estimated  from  analogous  solution  data. 

Determination  of  Density  -  Several  methods  are  available  for  the  deter¬ 
mination  of  liquid  densities  at  high  temperatures  (Ref.  4).  The  Archimedean 
method  has  been  chosen  for  the  current  program.  In  this  technique  a  molybdenum 
bob  is  weighed  in  air,  then  immersed  in  the  molten  salt  and  weighed  again.  The 
difference  in  the  two  weights,  the  buoyancy,  B,  is  determined  by  the  volume 
and  density  of  the  bob,  the  density  of  the  liquid,  and  the  surface  tension  of  the 
liquid. 

The  equation  relating  the  various  parameters  is, 

weight  of  bob  in  vacuum  -  weight  of  bob  in  liquid  = 
weight  of  liquid  displaced  +  effective  weight  of  the 
liquid  column  v/hich  rises  on  the  supporting  wire 
from  surface  tension. 

In  symbols  B  =  -  2rry  cos0, 

where  B,  the  buoyancy,  is  the  weight  difference, 

V^,  is  the  volume  of  the  bob  and  the  portion  of  the  supporting 

wire  which  is  immersed, 

is  the  density  of  the  liquid, 

r  is  the  radius  of  the  wire, 
y  is  the  surface  tension  of  the  molten  salt, 
and  9  is  the  contact  angle  of  the  melt  against  the  supporting  wire. 

If  two  different  sized  bobs  are  used,  supported  by  wire  of  the  same  radius 
which  is  immersed  to  the  same  depth,  the  effects  of  surface  tension  can  be 
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eliminated  by  writing  equations  for  the  two  bobs,  subtracting  one  from  the 
other,  and  solving  for  p  . 


Thus, 


Since 


Thus, 


B1  =  VT1P1  ‘  2ltT'i  C0S®  ' 

B2  =  VT2P1  "  2?rrV  cos®  ’ 

B,  *  B 9 

o.  =  _ 1  2 


(V  -  V  ) 

v  ti  tz 

the  volume  of  the  bobs  must  be  measured  at  room  temperature, 
a  correction  must  be  made  for  the  volume  change  caused  by 
thermal  expansion.  This  can  be  inserted  in  the  equation  as  a 
multiplying  factor,  and  the  equation  written  in  terms  of  bob 
volumes  at  room  temperature. 

p,.  VA 

WV2>  ‘ 

where  and  are  now  bob  volumes  at  room  temperature, 

A^,  is  the  thermal  expansion  of  the  bob  metal  from  room 
temperature  to  the  fused  salt  temperature. 


An  apparatus  patterned  after  the  one  used  by  MacKenzie  (Ref.  5)  has  been 
designed  for  the  liquid  density  measurements  of  the  program.  Figure  1  is  a 
schematic  drawing  of  this  acparatus.  A  standard  Troemner  chainweight  specific 
gravity  balance  is  used  for  the  determination  of  the  buoyancy.  This  apparatus 
has  a  specific  gravity  range  of  0  to  2.  100  and  an  accuracy  within  ±  0.0001. 

The  range  will  be  extended  to  4.  0000  for  the  fused  salt  systems  under  study 
by  using  an  additional  counterweight.  The  bobs  are  to  be  machined  from 
molybdenum  and  supported  on  a  tungsten  wire.  A  molybdenum  crucible  will 
contain  the  melt. 


Immersion  of  the  bob  will  be  controlled  by  supporting  the  crucible  on  an 
alumina  pedestal  which  can  be  raised  or  lowered  by  a  lab  jack  with  a  pointer 
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FUSED  SALT  DENSITY  APPARATUS 


C6  Figure  1 


and  scale  to  indicate  the  distance  traveled.  Careful  elevation  of  the  pedestal 
and  crucible  is  made  until  a  pronounced  movement  of  the  suspension  is  observed. 
The  position  on  the  scale  is  noted  and  the  lab  jack  is  raised  the  required  distance 
to  completely  immerse  the  bob. 

The  temperature  of  the  melt  will  be  determined  either  by  a  thermocouple 
beside  the  crucible  or  by  a  direct  reading  of  the  surface  temperature  using  a 
pyrometer. 

Determination  of  Viscosity  -  Fused  salts  generally  have  viscosities 
measured  in  centipoises  and  comparable  to  that  of  water  (Ref.  6).  No  data  for 
fluoride  melts  could  De  found  however,  although  Klemm  (Ref.  7)  has  tabulated 
all  the  available  data  for  fused  salts.  It  has  been  assumed  that  fused  fluoride 
melts  are  similar  to  other  fused  halide  melts. 

The  technique  which  has  been  chosen  for  the  measurement  of  viscosities 
during  the  current  program  is  that  of  the  oscillating  bob.  This  method  is 
recommended  for  viscosity  determinations  when  values  in  the  centipoise  range 
are  expected  (Ref.  8). 

The  pertinent  aspects  of  the  method  are  shown  in  Figure  2.  A  molybdenum 

bob  supported  on  a  tungsten  wire  is  immersed  to  a  fixed  depth  in  the  molten  salt, 

and  put  into  a  rotational  oscillation.  The  angular  swing  is  observed  by  light 

reflected  from  a  mirror  attached  to  the  wire  and  focused  on  a  galvanometer  scale. 

The  decrease  in  amplitude  during  successive  swings  is  noted  and  the  logarithmic 
,  AX 

decrement  — — —  ,  the  amplitude  during  an  oscillation  divided  by  the  amplitude 
at  the  beginning  of  the  oscillation  is  calculated. 

The  relationship  between  viscosity  and  logarithmic  decrement  has  been 
given  by  Fawsitt  (Ref.  9)  as, 

X  -  =  C1  (pp) 
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+  C  h-  +  C  pp 


where  X  and  Xq  are  the  logarithmic  decrements  in  the  melt 
and  in  air  respectively  , 

P  is  the  viscosity, 
p  is  the  density  of  the  liquid, 

and  Cj  ,  ,  and  are  constants  of  the  apparatus  which 

depend  on  immersion  depth  and  end  clearance.  They 
can  be  determined  by  measurements  upon  liquids  of 
known  viscosity  and  density  such  as  water,  benzene, 
and  chloroform. 

Vapor  Pressure  Determinations  -  Several  methods  are  available  for 
measuring  vapor  pressures  at  elevated  temperatures  (Ref.  10).  The  most  con¬ 
venient  technique,  although  limited  to  low  pressures,  is  the  determination 
of  vapor  pressure  through  weight  loss. 

Vapor  pressures  are  determined  from  weight  loss  measurements  by  heating 
a  weighed  sample  of  known  surface  area  for  a  measured  period  of  time.  The 
sample  is  cooled,  reweighed,  and  the  vapor  pressure  calculated  from  the  weight 
loss  per  unit  area.  The  method  is  considered  applicable  to  the  pressure  range 
from  10  ^  to  10  ^  atm  (Ref.  10). 

Vapor  pressure  determinations  from  weight  loss  measurements  are  feasible 
for  the  barium  fluoride  and  magnesium  fluoride  systems  of  current  interest  for 

_3 

fused  salt  flux  systems.  These  materials  have  vapor  pressures  of  10  atm  at 
an  estimated  1400°C  for  magnesium  fluoride  and  an  estimated  1390°C  for  barium 
fluoride  (Ref.  11). 

The  equation  which  relates  vapor  pressure  to  weight  loss  is, 

„  44.4Pa 

where  Z  is  the  rate  of  evaporation  in  moles  per  second  per  square 
centimeter  of  surface, 

P  is  the  equilibrium  vapor  pressure  in  atmospheres, 
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M  is  the  molecular  weight  of  the  substance  in  the 
gaseous  state, 

a  is  the  accomodation  coefficient, 
and  T  is  the  absolute  temperature  in  °K. 

The  method  is  uncertain  to  the  degree  to  which  information  is  lacking 
about  the  species  vaporizing  and  those  present  in  the  equilibrium  gases. 

The  coefficient  a ,  the  accomodation  coefficient  introduces  another 
uncertainty.  The  accomodation  coefficient  is  assumed  to  be  equal  to  the 
condensation  coefficient,  which  is  defined  as  the  fraction  of  the  molecules 
striking  a  surface  which  stick  to  the  surface  during  condensation.  Barring 
an  alternate  method  of  determining  a ,  it  is  usually  assumed  to  be  equal  to 
unity  in  vapor  pressure  estimations. 
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A  method  for  analyzing  the  extremely  complex  D.  T.A.  curves  now  being 
obtained  at  the  Crystal  Physics  Laboratories  was  developed  during  the  quarter 
at  the  request  of  the  Project  Scientist. 

The  problem  to  be  solved  is  illustrated  with  the  data  of  Dugger  (Ref.  13) 
shown  in  Figure  3  which  is  taken  from  an  article  by  that  author  submitted  to 
the  International  Congress  on  Crystal  Growth.  Figure  3  shows  a  typical 
differential  analysis  plot  in  which  the  difference  emf  developed  between 
thermocouples  immersed  in  an  unknown  sample  and  a  reference  material  is 
plotted  against  the  average  temperature  of  the  samples.  The  difference  emf 
developed  between  the  two  materials  is  caused  by  a  steady  rate  of  temperature 
increase  in  the  furnace  surrounding  the  samples.  The  technique  and  theory 
of  the  method  have  been  described  in  detail  by  Dugger  (Ref.  12). 

The  most  significant  feature  of  the  plot  shown  in  Figure  3  is  the  large 
number  of  peaks  and  flats.  Each  o'  these  is  believed  to  correspond  to  a  phase 
change  or  a  chemical  reaction.  The  D.  T.A.  data  shown  in  Figure  3  are  for  an 
equimolar  mixture  of  barium  fluoride  and  magnesium  fluoride.  Since  the  D.  T.A. 
apparatus  is  extremely  sensitive,  phase  changes  or  chemical  reactions  for 
magnesium  fluoride  alone,  magnesium  fluoride  with  absorbed  water,  barium 
fluoride  alone,  barium  fluoride  with  absorbed  water,  and  for  solutions  and 
compounds  formed  between  the  barium  fluoride  and  magnesium  fluoride  may  be 
present  on  the  plot. 

The  problem  is  to  match  specific  peaks  with  known  reactions  or  phase 
changes.  It  is  further  complicated  by  the  fact  that  although  the  temperatures 
at  which  individual  peaks  occur,  when  they  do  occur,  are  relatively  constant, 


A  Emf  (mV) 
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Figure  3 


many  peaks  disappear  and  reappear  in  successive  runs.  A  number  of  D.  T.A. 
tracings  are  usually  made  to  ensure  that  a  complete  study  has  been  accom¬ 
plished. 

A  method  of  treating  the  large  number  of  tracings  produced  by  these 
studies  is  shown  in  Figures  4A,  4B,  4C,  and  4D.  The  data  have  been  supplied 
by  the  AFCRL  Project  Scientist.  In  these  figures,  the  peaks  and  flats  of  D.  T.  A. 
thermograms  have  been  plotted  as  horizontal  lines  arranged  vertically  according 
to  the  temperature  at  which  they  appear.  Hence,  the  complex  curve  of  Figure 
3  is  now  represented  by  a  column  of  horizontal  lines. 

Figure  4A  presents  side  by  side  D.  T.  A.  thermograms  for  eight  runs  upon 
equimolar  barium  fluoride,  magnesium  fluoride  mixtures.  The  thickness  of  the 
lines  has  been  drawn  equal  to  the  estimated  uncertainty  in  the  temperature 
determinations. 

The  general  shape  of  each  perturbation  in  the  D.  T.  A.  thermogram  is 
indicated  beside  its  line  by  a  letter,  as  F,  for  flat;  P,  for  peak;  Exo  P,  heat 
evolving  peak;  etc.  The  temperatures  at  which  peaks  or  flats  could  be  expected 
because  of  recorded  phase  changes,  i.  e.  The  melting  point  of  magnesium 
fluoride  are  indicated  on  the  right  hand  margin  of  Figure  4A. 

The  D.  T.  A.  data  in  Figures  4B,  4C,  U1»d  4D  have  been  plotted  in  the  same 
way  to  the  same  scale  but  have  been  printed  in  different  colors  on  transparent 
overlays  so  that  they  may  be  placed  over  the  data  of  Figure  4A.  This  is  desirable 
to  allow  matching  of  thermogram  perturbations. 

Figure  4B  (yellow)  shows  the  D.  T.  A.  profile  for  two  thermograms  in  which 
dried  aluminum  oxide,  the  customary  reference  standard,  was  run  against  hydrated 
aluminum  oxide.  It  can  be  seen  that  some  of  the  peaks  of  Figure  4B  match  those 
of  Figure  4A  and  it  is  probable  that  those  peaks  in  Figure  4A  which  do  so  match 
were  caused  by  the  reference  aluminum  oxide  absorbing  water  between  runs  on 
the  equimolar  barium  fluoride  and  magnesium  fluoride  mixtures. 
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Figure  4C  (blue)  shows  D.  T.A.  profiles  for  so-called  "hydrated" 
magnesium  fluoride.  Again,  some  of  the  peaks  match  those  of  Figure  4A 
as  well  as  those  of  Figure  4B. 

Finally,  Figure  4D  (red)  shows  D.  T.A.  profiles  for  "anhydrous" 
magnesium  fluorides.  The  general  reproducibility  of  the  apparatus  is  shown 
by  the  matching  of  lines  with  the  melting  point  of  magnesium  fluoride. 

The  purpose  of  the  study  described  here  was  to  develop  a  simple  and 
accurate  technique  capable  of  grouping  large  amounts  of  data  into  a  form 
suitable  for  comparison  and  review.  This  has  been  achieved.  The  method 
is  simple.  The  plots  can  be  drawn  by  the  scientist  on  transparent  drafting 
paper  and  can  be  printed  using  a  standard  drafting  room  Ozalid  machine. 

The  transparent  overlays  are  made  with  specially  treated  Ozalid  paper  which 
is  also  commercially  available.  The  preliminary  analysis  already  made  indicate 
that  the  method  is  useful. 
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Contract  No.  AF  19(628) - 5656  is  directed  to  experimental  measurements 
of  fused  salt  systems  and  calculations  of  the  sizes,  shapes,  and  probable 
temperature  gradients  required  for  the  growth  of  crystals  from  such  systems. 

The  purpose  of  the  experimental  and  calculation  programs  is  to  provide  growth 
data  for  sapphire  and  ruby  crystals.  The  solution  parameters  which  are  to  be 
investigated  by  experimental  measurement  are  supersolubility,  vapor  pressure, 
viscosity,  and  density. 

During  the  first  three  quarters  the  available  flux  systems  for  ruby, 
sapphire  and  spinel  were  reviewed.  Methods  for  the  determination  of  solu¬ 
bility,  super  solubility,  density,  viscosity,  and  vapor  pressure  were  chosen 
and  the  construction  of  equipment  for  such  measurements  was  initiated.  During 
the  fourth  quarter  the  construction  of  equipment  was  completed  and  the  apparatus 
applied  to  the  study  of  fused  salt  systems. 

Two  r./stems  were  recommended  for  study  by  the  AFCRL  Project  Officer. 
These  are  a  mixture  of  80  mole  per  cent  cerium  fluoride  and  20  mole  per  cent 
aluminum  oxide  and  a  mixture  of  80  mole  per  cent  lanthanum  fluoride  and  20 
mole  per  cent  aluminum  oxide.  The  results  of  the  measurements  upon  these 
systems  and  the  implications  of  the  data  to  crystal  growth  from  these  systems 
will  be  presented  in  the  Final  Report  rer  the  project. 

In  addition  to  work  upon  the  measurement  of  the  fused  salt  solution 
parameters  discussed  above,  work  was  also  carried  out  upon  the  analysis 
of  differential  thermal  analysis  data  by  the  method  described  in  the  Third 
Quarterly  Progress  Report  (Ref.  1). 
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ABSTRACT 


A  literature  search  was  made  through  Chemical  Abstracts  from 
1907  to  30  August  1965. 

The  following  key  words  were  used  for  this  survey: 

Crystals,  growth  of 

Crystallization 

Crystallization,  apparatus 

Fluxes 

Fluorides 

Ruby 

Spinel 

This  literature  search  was  conducted  by  J.  A.  Adamski  and 
E.  B.  Wallis.  A  total  of  fifty- six  (56)  abstracts  were  accumulated. 
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Aftittdal  yndwi  stoats.  Hj.  SjteUN.  Arkshak  Smska  Vd.-Akai.  1921, 
283-313;  UisunUg.  AkslneU  1,  382. — A  review  of  the  literature  on  artificial  gem- 
(temr  fcoruadum  and  spinel)  dealing  with  tl.eir  production  on  a  com.  scale,  and  the 
criteria  for  dirtinguiahing  them  from  natu-tl  stone*.  E.  P.  H. 

AriUdal  M(B*ria  tplaal.  F.  J.  Tonk.  U.  S.  1,448,010,  Mar.  13.  A  mist, 
coot*.  MgO  and  AbOi  and  a  reducing  agent  such  as  coke  is  electrically  smelted  at  a 
temp,  sufficiently  high  to  fuse  the  ores  and  reduce  a  portion  of  the  metallic  impurities 
to  metallic  form,  the  fused  product  is  allowed  to  cool  and  the  metallic  impurities  arc 
sepd.  to  obtain  an  artificial  spinel  for  use  ss  a  refractory 

Rota  oa  tjnlhrU-  Cstnadum  and  Spinal.  G.  P.  Iluint  Smith.  Mtneia) 
Dept.,  British  Mnseum.  Mineral.  Mop.,  i*.  US-*.— A  description  is  given  of  the 
method  Hand  ir  the  preparation  of  ayatbetic  rallies.  An  artificial  blue  stone,  called 
"Hnpe  sapphire"  by  the  trade,  was  shorn  to  be  spinel.  W.  T.  Sen  alls  a 

Reactions  on  healing  sulfides,  carbides,  silicides,  phosphides,  silicates  and  spinels 
with  alkaline  earth  oxides.  J.  A.  IIluvalL.  S-.vusk  A 'em.  Titls  37,  190-73(1925).— 
Tlie  substances  indicated  ill  the  title  were  mixed  with  .ilk.  earth  oxides  ami  heated, 
tlie  lirsl  3  >;r(><i|is  in  the  pre  cnce  of  air  or  Oi,  tlie  others  in  N».  BaO,  SrO. 
Call,  MgO  is  the  order  of  reic:ion  intensity  except  with  AgiS,  with  which  CaO  and 
MgO  arc  rever  ed.  UaO  stands  apart  from  the  others  in  reacting  at  a  defi¬ 
nitely  lower  temp.  This  is  explained  by  the  formation  of  BaOi.  The  sulfides  are 
ZnS.  Ait-S  and  CtbS  and  their  type  renetion  is;  BaO  I-  ZnS  +  20i  -  BaSO,  +•  ZnO. 
pur  llaf)  reactions  with  the  sulfides  in  the  order  given  the  teni|*s  are  121  *,  3 1.1*  and  3 12”, 
resp.  fn  the  graphs  arc  :dir,ttn  striking  (tends  in  the  curves  at  the  critical  tcinps.  for 
UaO  and  Sri)  hut  not  for  CaO  and  MgO.  Cn-S  dilTcrs  from  the  other  2  in  that  the 
reactions  with  the  other  alk.  earth  oxides  all  take  place  at  377*  instead  of  from  100*  to 
ala1.  There  is  a  fundamental  change  in  the  Cn.S.it  this  temp.,  a  conception  sup|iortrd 
by  the  sudden  reaction  with  O,  at  3.83°.  Tlie  alk.  earth  oxides  reacting  with  Cr,Ct, 
Pi  Si.-,  Cal’s  conform  in  kind  with  the  sulfides  and  yield  mrlxmatcs.  silicates  ami  phos 
pl-.ates,  resp.  Tlie  temps,  arc  also  similar;  t.  f  .  for  ItaO  3t3*.  329*  and  331  *,  resp. 
P, »  th;  other  alk.  earth  oxides  the  temps,  arc  in  excess  of  4G0*.  BaO-FeSit  react 
ex|«  ".ively.  The  silicates  were  heated  in  Nj  ami  are  represented  by  wollastonitc. 
m-t  ilite,  silliinanitc  and  rhodonite  The  reactions  give  met.il  oxides  and  alk.  earth 
silicates.  Por  BaO  the  temps,  were  351,*  Sol',  337"  ami  3.35*,  resp.  Tlie  data  for 
Sit)  aic  nearly  100*  more  than  these  and  for  Cat)  200*  more.  MgO  is  not  in¬ 
cluded  in  these  or  subsequent  tests.  The  spinels  were:  ZnO  AbOi,  CoO  A1;0,,  CuO- 
AI.O-.  I'VO  CiiOj,  CoC  Cr,Oi.  The  roasting  was  in  N-  and  for  the  chromite  also  ia  Ot. 
In  the-  latter  case  the  reaction  takes  place  at  the  same  temp,  as  in  N»  and  MCrO,  i* 
formed.  The  spinel  reactions  arc  simple  -.limbic  dccnnipns.  except  for  the  Co  coiupd. 
in  <>,  which  also  gives  Cn,0«.  Tlie  temps,  are  eomparable  with  those  for  the  silicates, 
except  in  that  the  table  shows  less  difference  between  SrO  and  CaO  in  the  Zn  spinel 
erics  and  the  unusually  high  figure  of  700*  for  a  CuOAlrOr  A.  R.  Ros* 

Synthetic  spinels.  Ekbcrt  I.cderle  and  Rodolf  Brill 
fto  I.  G.  I’at beuind.  A.G.).  V.  S.  2, (22,(80,  June  28 
See  Fr.  K24.G4C  (C.  A.  32,  C0IC!). 

Production  of  synthetic  gems.  F.  H.  Kraus.  Am. 

Mineral.  22,  200(1037). — A  description  of  certain  pluses 
of  manufactiiriiig  processes  and  the  characteristic  proper¬ 
ties  of  synthetic  ruhy,  sapphire,  spinel  and  emerald. 

U.  C.  P.  A. 

Fluorid*  at  flux.  L.  Vielhaber.  Emailunren-Ind  13, 

.111-13(1938). — Because  of  the  scarcity  of  borax  in 
Germany,  other  flux  substitutes  are  being  tested.  Fluo¬ 
rides  liavc  a  greater  fluxing  action  than  the  alkalies.  CaFj 
does  not  have  the  same  fluxing  action  asNa,AlF«.  Andrews, 
who  studied  the  effect  of  fluorides  on  the  deformation  temp., 
explains  that  1 1 ;  the  more  Ns, All-' » is  replaced  by  CaKi,  the 
higher  the  deformation  temp.  Iiecouics;  (2)  even  if  results 
an-  ih-pettih-ut  on  the  eotii|ni.  of  the  batch,  the  hy|M, thesis 
is  lorreet  that  it  must  be  possible  to  obtain  a  i-diictioit  tu 
tin  ilefnnnatinn  point  by  the  simultaneous  use  of  more 
flnornh-s;  N*a,Alh,,  Na,SiFt  am!  Cal-'.;  (3)  the  ptoportiun 
in  which  these  3  siib-taitees  arc  present  is  tmporiaui. 
l‘.\p,it'sion,  oparitv  and  batrli  ciunpii.  are  dKUsscil. 

Collrhiston:  A  foninthi  with  iow  ltorax  content  can  In- 
detd .  which  uses  fluorides  and  which  will  have  satisfamny 
l*ropettte»and  be  easily  fusible,  M  V.  Condottlc 


Effect  of  the  addltim  ai  tail  vapor  on  the  (yndwals  and 
tke  cryttal  growth  of  tpiatl.  TOkiti  Noda  and  Masaiosi 
ilascgawa  J.  Soe  Ckem.  Ini  .  Japan  43,  Sapid,  bind¬ 
ing  72-3(19-10). — The  formation  of  spinel  (1)  l.om  powd. 
MgO  and  AljOj  by  heating  in  the  presence  of  alkali  and 
alk.  earth  salt  vapor*  in  a  stream  of  N»,  at  1300*  for  3  hrt  , 
was  increased  (0-24%.  Max.  yields  were  obtained  with 
NaC).  MgCI>,  CaCI,  and  NaCI  helped  to  increase  the 
crystal  *ue  from  1.5  a  to  2-3  m-  Although  All',.  NH«P  and 
NaP  induced  large  crystal  formation,  I  was  not  pure,  but 
was  surrounded  by  layer*  of  fluorides.  Georg*  Rapp* 
Ruction  in  ths  (olid  Mat*  at  higher  temperature*.  VII. 
Tke  ruction  brtwstn  magnesium  axids  and  aluminum 
uiie  ia  the  solid  state.  Vacuo  Tanaka.  J.  Ckem.  .Sec. 
japan  62,  477-!l(1941);  ef.  C.  A.  33,  40.34’.— Two  series 
,J ,-xpts.  were  performed:  (1)  The  3  tttixts.  MgO  A bO,  - 
1_  (  .1,  I  .:>  were  heated  at  f400*  for  10  hrs.  (2)  The 
-}  niixts.  MgU  AljO,  -  f :  1 .  1:2  wrete  heated  at  fUlJU* 
|,v  3  ltrs.  In  lioth  cases  the  free  MgO  in  the  reaction 
products  was  detd.  and  the  x-ray  diffraction  pattern  of  the 
iroducts  was  taken.  The  initial  reaction  product  is  always 
■juic  spinel  irrexpccti of  the  ratio  of  the  mixt. 

T.  Kateurai 

Ths  ternary  system  MgO-Al,Or-CriO,.  W.  T.  Wilde 
atM  W.  J.  Rees.  Trans,  first.  Ceram.  Soe.  42,  123  .3.3 
(1043). — A  comprehensive  slttdy  of  the  system  of  refrac¬ 
tory  oxides,  MgO-AlrOj-OrjO,,  established  or  confnmed 
the  following  faets:  (1)  The  binary  sysletn  AbO,  Cr,t>, 
shows  eomp'etc  solid  snln.,  with  no  eom|iliealing  factors. 
Tlie  precise  position  of  the  solidus  ami  liquiilus  phase- 
boundaries  remains  to  l>e  detd.  The  suggestion  that  the 
usually  observed  in.  1>  of  2999-2989*  is  iluc  to  tile  forma¬ 
tion  of  a  lower  oxide  has  been  disproved  by  the  demonstra¬ 
tion  that  when  reduction  occurs,  Cr  metal  is  obtained  in 
i  quil.  with  the  scsqnioxide.  (2)  Tlie  binary  system  MgO- 
AliO,  possesses  only  one  compel  ,  .3fgO.Al.Oj,  which  can 
take  a  considerable  amt.  of  alumina  into  soiid  soln.  at  high 
tcinps.  No  evidence  has  been  obtained  of  any  solid  solo, 
of  magnesia  in  MgO  AbO,.  ft  lias  been  shown  that  alu¬ 
mina  is  pptd.  from  spinel-alumina  solid  soln.  when  cooling 
is  slow.  (3)  The  binary  system  MgO-Cr,0,  possesses  on, 
ccmpd.,  MgO  CrrOt  It  has  been  shown  that  whatever 
solid  soil!,  of  MgO  or  Cr-Oi  docs  occur,  it  is  negligible  lit 
furnace -cooled  specimens.  On  the  basis  of  a  thorough 
x-ray  investigation  of  this  patt  of  the  system  it  has  been 
concluded  that  no  stable  compd.  of  the  formula  4MgO  - 
CrjO!  exists.  (4)  In  the  high-and  ths  low-magnesia  portion 
of  the  ternary  system  the  lattice  dimensions  of  tlie  spinel 
coinpds  appear  to  depend  solely  on  the  relative  propor¬ 
tions  of  Cr  oxide  and  AI  oxide  present.  The  diffuse  nat 
of  the  pattern  of  the  rhontboltcdral  phase  in  the  low-  nta 
ncsia  portion  of  the  system  suggests  that  pptn.  in  the  solid 
state  ntay  be  taking  place  as  in  the  MgO-AliOr  binary,  but 
tliis  can  not  be  taken  as  fully  proved.  A  complete  series  of 
solid  solus,  is  formed  between  MgO. A  1,0,  and  M £0.0,0,. 
The  scries  is  not  completely  regular  and  suggestions  have 
been  put  forward  to  explain  tbc  irregularities.  No  ternary 
compd*.  are  formed.  BibUiography.  H.  F.  K. 

Active  magnesia.  II.  Adsorption  of  fluoride  from 
aqueous solutiona.  Albeit  C.  Zeltlcmoycr,  Karl  A.  Zehtlc- 
tttnyer,  .Hid  Win.  C.  Walker  (Lehigh  tlniv.,  Bethlehem, 
Pa.).  J.  .  I  in.  Cheat.  .Sac.  60,  1312-1.3(1917);  cf.  C. . ! . 
41,  1149.— Studies  of  the  .adsorption  of  tliioiide  ion  from 
solus,  of  Nab'  on  a  series  of  activated  magnesias  showed 
that  the  rates  of  fluoride  adsorption  and  of  hydration  in¬ 
creased  with  increasing  surface  area  for  |i<nvilcrcd  mag¬ 
nesia.  However,  no  correlation  was  found  between  wtr- 
tacc  areas  and  the  equil.  amounts  of  fluoride  ion  adsorbed 

Rauf  H-  Emntrli 

The  growth  of  barium  tlUnat*  crystals.  B.  Matthias 
(Massachusetts  fpst.  of  Tcchnoi.,  Cambridge).  Thvt. 
Re t,  73,  80.8-0(1018);  cf.  C..-1.  .2,  17771).  To  prep 
IlaTiO,  crystals,  melt  f  mole  HaCi„  0.,'3  mole  H.iLO„ 
and  9.29  mole  TiO,  (.30,  2.3,  and  5  g.,  '  1-'|  -  ,  o;  I’t  or  C  hi 
an  at  in.  of  N  :  cool  the  nte't  Irom  12iM*  to  809°  wilhm  a 
few  hrs.  Dissolve  the  ItaCIi  in  water,  and  sep  the 
excess  ItaCO,.  With  a  larger  amt.  of  ItaCO,,  hexagonal 
and  monocliuic  crystals,  besides  small  cubic  ones,  are- 
obtained,  A  discoloration  Caused  by  i’t  is  partially 
removed  by  heating  »l  200*  for  a  few  hrs.  Reduction  of 
TiO,  by  C  gives  bluish  crystals'  the  crystals  arc  decolor- 
izecl  by  heating  >3  0  St  COO- 890*.  G,  M.  J’tttv 
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JUactioa  betwMS  solida.  H.  C.  Castcll,  S.  Dilnot  and 
Mary  Warrington.  Saiurtl  S3  .653-4(11*44)  — The  forma¬ 
tion  of  spinel,  MgAliO«,  frum  MgO  ami  a-Al.-Oi  i\as  in¬ 
vestigated  at  temps.  above  1000*.  This  reunion  is  prob¬ 
ably  characteristic  of  others,  encountered  in  the  ceramic 
and  rcfiactory  industries,  ami  of  the  production  nf  metals 
from  their  oxides  by  reduction  with  Al.  TUeoietically 
spinel  should  be  formed  faster  in  a  reducing  atiu.  or  in 
tacuo  than  in  air.  briquets  coutg.  finely  powdered 
MgO  and  </-Al;Oj  were  heated  l  hr.  at  IOK>-l  I.V)  ,  and  the 
spinel  content  wasdetd.  hy  x-ray  (Cu  An)  analyst  The 
briquets  which  contained  5%  Mg  (metal)  were  heated  i* 
i  <aiuo:  they  all  showed  a  higher  eon  tent  of  spinel  than 
those  without  metallic  Mg,  which  were  heated  in  air  at 
aim.  pressure.  At  1150",  the  spinel  formation  was  (15% 
and  20%,  resp.  G.  M.  Patty 

Apparatus  for  manufacturing  synthetic  crystals.  General 
Klee  trie  Co.  l.td.  am!  Kenneth  \V.  brown.  Brit.  601,696, 
Nov.  2.S,  Ihul.  An  app.  for  making  iiudticolorcd  synthetic 
crystals  of  coruiulnin  in  rod  form  is  described  and  illustrated. 
A  sep.  emit. liner  for  each  material,  eg.  Al*0>  (I)for  white,  I 
plus  Cr  oxide  for  red,  or  I  plus  l*'e  and  Ti  oxides  for  blue,  is 
contained  in  a  chamber  through  which  O  is  fed  to  an  O-H 
burner  Ixduw  which  the  crystal  is  formed  Each  container 
has  a  line  screen  at  the  bottom,  and  feeding  from  it  is  ac¬ 
tuated  by  a  vibrator  In  operaluu  a  change  from  one  color 
to  another  is  made  without  interrupting  crystallisation. 

Edward  S.  Hamon 

Spinal  produced  by  tka  Butorin*  reaction*  batwntn  bone 
oxide*  ud  alumina.  Goto  Yamagucki  (Tokyo  Unit.). 

J.  Ceram.  Anne.  Japan  61,  594-9(195.1). — Various  mills,  of 
MgO.  CoO,  NiO,  CuO.  ZnO,  MnG,  and  AI,Oi  were  heated 
to  900-1790*  and  the  formation  nf  spinel  was  studied  by  the 
x-ray  powder  method.  Spinel  is  most  easily  formed  in  NiO 
and  with  diiTienlty  in  MnO.  Intermediate  are  MgO,  CoO, 
and  ZnO,  while  CdO  and  CaO  do  not  form  spinel. 

X..  Yamasaki 

Tha  system  Al,OtCr,Oi  and  the  red  color  of  ruby.  Erich 
Tliilo  and  Joclien  Jander  (Hunilsoldt-l’niv. ,  Berlin). 
Forsihunsen  a.  Fortickr.  26,  3A(lfKiO);  Client.  Zettlr.  1951. 
II.  649;  cf.  C.A.  45.  3217a,  fi973c  —  Cr  is  trivalcnt  in  all 
AlA-CriO,  mixed  crysuls.  Artificially  produced  mixed 
crystals  of  this  kin.l  shot,  the  pure  red  color  of  ruby  only  up 
to  a  Cr,Oa  content  of  about  H%.  As  the  Cr  content  »s  in* 
creased  above  this  value,  the  color  graclu.illy_<lianges  to 
green..  The  lattice  consts.  lie  between  a  -  4.7ti  and  e  — 
11.01  A.  for  Al-Qi  and  a  "  4.91  and  C-  »  ll.ll  A.  for  CriOj. 
The  change  in  the  lattice  consts.  begins  with  the  .ippearattee 
of  the  green  color.  The  d.  increases  sharply  in  the  red  re¬ 
gion  and  thereafter  increases  slowly.  Uuth  the  magnetism 
etirve  and  that  showing  the  reducibilily  of  the  Cr  with  Hi 
show  discontinuities  at  8%  Cr,Oi  lip  to  7.2  mol.  %  CriOi 
each  Cr  atom  is  surrounded  by  Al  atoms  only,  while  beyond 
this  coiicn.  Cr-Cr  bonds  must  appear  The  break  which 
the  phys.  propertii  s  of  the  mixed  crystals  show  at  about  this 
rain pn.  is  thus  traceable  to  the  appearance  of  electron 
bridges  between  adjacent  Cr  atoms.  This  mu-t  also  ac¬ 
count  foe  the  color  ar.d  the  cond.  of  pure  CriO,. 

M.  G.  Moore 

Solubility  of  a-alumina  in  flux  on  firing  of  corundum  ce¬ 
ramic*.  1.  A  Bulavin.  Sbvrnik  Nauek.  Rabat,  pc  Kkim. 
i  TeHtnol.  Silikalav  (Moscow:  Gosudarst.  Ixdatel.  Lit.  po 
Stroitel.  MateriaUun)  1956,  258-63;  Keftrat.  Zkur.,  Kkim. 
1957,  Abstr.  No.  31472.— Study  of  the  soly.  of  AIA  in 
melts  of  the  ternary  systems  BaO-CaO  StOj  BaO-MgO- 
SiOi,  BuO-SrO  SiO,,  which  constitute  the  basis  ol  vitrcni,, 
phase  nf  corundum,  cliiiocustatite,  and  other  varieties  C.f 
tech,  ceramics.  Melt  inixts.  were  prt|)d.  hy  fritting  ,,f 
carbonate  salts  and  pure  finely-ground  quart!,  washed  *u>, 
MCI  and  having  a  particle  size  of  <G0  a  Ad  Jus.  of  electro 
corundum  (contg.  98.57o  AliOi)  were  incorporated  in  amts, 
of  10-50%.  Primary  fusion  of  the  frits  and  secondary 
fusion  with  added  A!,0,  were  carried  out  in  a  Silit  furnace, 
ut  1150-1550°,  for  7  hrs.,  the  cooling  proceeded  either  it.  the 
furnace  or  ill  water.  Microscopic  and  x-ray  methods  were 
used  todet.  the  amt.  of  AltO,  satg.  the  vitreous  phase  under 
vary  ing  conditions  of  firing  and  cooling,  in  fluxes  of  the 
BaO-CaO-SiOi  system.  10-35%  AltO« call  be  dissolved  with, 
out  sepn.  of  corundum  crystals  on  slow  cooling:  in  the  BaO- 
MgO-iiOi  system,  a  region  of  vitreous  phases  has  been  de¬ 
lineated,  which  underwent  crystn.  with  a  5-10%  content  nt 
AliOi.  AltOi  is  slightly  sol.  in  flux  of  the  BaO-MgO-SiO| 
and  of  the  BaO-SrO-SiO,  system.  J.  J.  G. 


Synthetic  gem*.  Deutsche  Gold-  und  Stlber-Scheid con¬ 
st  alt  vorm.  Koesslcr  (Gustav  Jaeger  and  Fritz  Ahrens,  in¬ 
ventors).  Ger  1.002.299.  Fob.  14,  1957  (Cl.  12*.  0). 
To  a  powd.  spinel  or  a  mist,  of  C7-77  parts  AhOi  and  33-21 
pans  MgO.  0.6-5.0%  metal  modes,  e.g.  CoO,  I'eA.  CuO, 
Mi  O,.  OrO>,  MnOi,  NiO,  ViOs,  TiOi,  UtO,.  or  Bi,0,.  are 
added.  After  pressing  and  sintering  at  1400-1950*,  clear 
colored  products  are  obtained.  Wilhelm  Eschenbncli 
The  interaction*  in  tbt  Na,0-AliOt-MgO  system  at 
1200*.  A.  S.  German-Galkina.  Trudy  Vsesayus.  Nauek- 
htledrextiel .  Alyumtn.-Magn.  Inti.  1957,  No.  40,  25-3 1 . — 
The  iiitcr.eli.m  of  the  components  of  a  mixt.  corresponding 
to  the  system  N.iiO- AldJi  MgO  was  studied  under  isother¬ 
mal  conditions  at  1200*.  M.rts  of  various  cotnpns.  (hav¬ 
ing  a  ratio  of  Nu  and  Al  oxides  corresponding  to  Na  alumi- 
natc  (1)  nr  spinel)  were  investigated.  After  2  hrs.  nf  cal¬ 
cination  the  pr.vhicts  were  analyxrd.  In  the  course  nf 
calcination  at  I2IKI*  of  mists  corresponding  to  the  NaA- 
AI,Gj-MgO  system  hiving  different  amts,  of  Na,0,  the 
latter  reacted  with  AI,Oi  to  form  I.  In  mixts.  with  a 
stoichiometric  amt.  of  NarO  for  I,  no  spinel  was  formed, 
owing  to  the  reaction  nf  replacement  of  MgO  hy  N’uiO  from 
the  spinel.  Spinel  is  formed  in  small  amts,  at  1000*, 
whereas  at  I2U0*  the  MgO  is  displaced  from  the  spinel  by 
N*tO.  No  ternary  eompds.  were  found  iu  the  investigated 
mixts.  Prom  Rejeral.  Zkur.,  Mel.  1951,  Abstr.  No.  11496. 

K.  L.  C. 

Liquid  stniorin*  of  corundum  caramica.  P.  P.  Budnikov, 
I.  A.  Bulavin,  and  I.  A  Zakharov  (D.  I.  Mendeleev  Chan.* 
Technol.  Inst.,  Moscow).  Nauek.  Daklady  Vynkei  Skkoiy, 
Kkim.  i  Kkim.  Tekknol.  1958,  No.  I.  108-72.  The  depend¬ 
ence  of  the  sintering  of  corundum  ceramic,  or.  the  eompn. 
and  the  quantity  of  the  liquid  phase  formed  n  the  calcina¬ 
tion  process  was  studied.  The  fluxing  ar'.ult  used  for  the 
formation  of  the  liquid  phase  were  taken  from  the  systems 
CaO.SiOj.AbOiand  CuO.B.iO  SiO,  and  were  introduced  into 
the  mass  in  powd.  form,  which  permitted  a  uniform  process 
of  formation  of  the  liquid  phase.  It  is  shown  that  during  a 
sintering  without  crystn.,  40%  of  liquid  phase  is  necessary 
in  order  to  obtain  corundum  ceramics  (with  grain  site  from 
0  to  50  a)  with  a  min.  porosity,  independently  of  the  differ¬ 
ence  in  the  enmpn.  of  the  initial  fluxing  agents,  in  the  cal¬ 
cination  temp.,  and  in  the  amt.  of  AlAi  dissociating  m  the 
primary  fusion.  For  higher  values  of  the  liquid  phase, 
w  hen  the  sintering  is  continued  about  3  hrs.,  a  swelling  and 
a  deformation  of  the  samples  occur,  which  are  characteristic 
of  the  overfiring  condition.  A  min.  porosity  is  attained  in 
the  case  of  coarse, -grained  corundum  (Cif-80  a)  at  a  45% 
formation  of  the  liquid  phase.  At  >45%.  the  filtratiim  of 
the  fusion  from  the  sample  to  the  bottom  occurs.  It  is 
shown  that  in  rigorously  similar  conditions,  llie  rate  of  pptn. 
of  the  simple  from  the  mass  depends  on  the  eompn.  of  the 
forming  fusion.  In  all  cases  the  pptn.  begins  quite  unex¬ 
pectedly,  and  during  the  first  10-20  mir.  it  takes  place  very 
intensely.  The  sintering  rate  of  the  corundum  mass  with 
different  fluxing  agents  dci>ends  on  the  viscosity  of  the  pri¬ 
mary  fusion  and  the  variation  of  the  relative  viscosity  and 
the  surface  teurion  upon  further  soln.  of  AlfO>  in  the  fusion. 

fean  Piamniidon 

Effact  of  the  addition  of  barium  odd*  on  tb*  phaao  com¬ 
position  of  basic  refractories.  M.  Grylicki  and  F.  Nadae- 
howski.  Prate  Inst.  Ilutmezyck  10,  241- 54(  lO.V-'X  English 
and  Russian  summaries). — A  phase  cquil.  of  the  ternary 
system:  2B.nO.SiOj2CaO.SKV2MgO.SiOi  (I)  is  studied, 
with  particular  emphasis  on  the  binary  systems  2MgO.SiOi- 
2B,tO.SiOj.  and  2CaO  SiOj-2BaO.SiOj.  UaO  expclls  CaO 
and  MgO  from  their  eompds.  and  fo.ms  5  eompds.:  BaO- 
3MiO.!SiO,.  BaO.McO.SiOi,  Ba0.2Ca0.M[0.2StCh,  5 BaO. 
3Ca0.4Si0i,  and  2llaO.SiOj.  A  discontinuity  exists  in  the 
solid  solns.  of  2BaO.SiOi  and  2CaO.SiOi.  Fe«Os  docs  not 
react  with  any  phase  of  the  system  2BaO.SiO»-2CaO.SiOr- 
2MgO  SiOi  il  there  is  an  overdose  of  periclase,  and  combines 
only  with  MgO,  forming  a  solid  soln.  MgO  4-  M gO  Fc|Oj. 
On  the  con'.rarv,  AI;Oi  partly  forms  a  spinel  MgO.AIjO), 
and  partly  BaO  Al.O,.  Ten  combinations  are  given  nf  co¬ 
existing  phases  of  the  system  MgO-BaO-CaO-SKVAIjOi- 
FeiOi  with  an  overdose  of  free  MgO.  The  addn.  of  BaO  to 
hasic  refractories  increases  their  m.p.:  BaO.MgO.SiOj  has 
a  m.p.  130*  and  2BaO  SiOi  300*  higher  than  CuO.MgO.- 
SiOi.  By  choosing  a  right  combination,  refractories  m. 

I  (OH*  are  obtained.  L.  G.  Manitius 


E2 


1958  -  1961 


Miami  taaatiaa  hr  reaction  of  tknai  iptotio  with 

magnesium  oxide  at  hljfc  temperatures.  L.  1.  Karyakin 
and  K.  N.  Repcnko  (Ail-Union  Sci. -Research  Inst.  Refrec- 
Kris,  Kharkov).  Trudy  S-[o[Pyalo[o]  Seveikckan.  Eksptl.  i 
J,H.  Mitral,  i  Petrol..  Akai.  N-uk  S.S.S.R.,  Inst.  Kkim. 
'Mem.  Leningrad  1956, 382-94{Pub.  1958). — A  study  was 
u.u!c  of  the  reactions  occurring  upon  heating  of  chrome 
•;.ii«b  at  high  temps,  with  MgO.  Chromite  ore  and  the 
tiiruntc spinel  tepd.  from  it,  with  and  without,  addn.  of  MgO, 
acre  heated  to  1000, 1800,  and  1870*  in  an  atm.  of  airar.d  N, 

.nd  to  1900*  in  an  atm.  of  air.  A  microscopic  eiamn. 
'hatred  that  with  an  increase  in  the  temp,  of  heating  the 
cum  tiit  of  the  chrome  spinei  and  the  no.  of  ttansparent 
;i..iu  increase.  Samples  were  prepd.  from  chrome  spinel 
sit'a  the  addn.  of  5,  10,  30,  50,  or  70%  MgO,  and  were 
faded  slowly  and  rapidly.  Microscopic,  chem.,  and  x-ray 
■otihuds  wen-  also  used  in  studying  the  alterations  occurring 
Sprat  heating  chrome  spinel  trim  *z-d  without  MgO.  30 
references.  Gladys  S.  Macy 

Single  crystals  of  ferrite*  Paul  M.  Hamilton  (to  Monsanto 
Chemical  Co  ).  U  S.  i.115.469  (Cl.  253-63.5),  Dec.  24,  1963, 
Appl.  June  22,  1950;  2  pp.  BaO.CFijOi  single  crystals  are 
grown  by  slowly  cooling  a  soln.  of  an  FeiOi  in  molten  BaCh  from 
1200-1350*  to  room  tc-mp.  Crystal  site  varies  Irora  0.2  a  to  3 
mm.  depending  on  the  cooling  rate.  T.  C.  MacAvoy 

The  interaction  of  chromite  with  magnesium  oxide  daring 
(kiln!  firing.  S.  M.  Zubakov.  flfnevpory  25  ,  275-81) 
(1000);  cf.  CA  50,  10301/,  103G2u.  S3.  85GG4.— Results 
obtained  in  the  study  of  the  interaction  of  SaranorsL  chro¬ 
mite  ores  of  the  Kimpersafsk  deposits  with  MgO  In  coarse 
and  finely  ground  conditions  at  temps,  up  to  1700*,  followed 
by  slow  cooling,  are  summarized.  In  the  coarsely  ground 
mass  (the  chromite  with  1-3  mm.  grains  and  the  periclase 
with  1-0  mm.)  and  at  high  tempi.,  a  diffusion  process  of  ex- 
change  takes  place.  From  the  chromite  grains  to  the  peri¬ 
clase  on  the  one  hand  migrate  Fe  oxides  and  silicates,  and 
from  the  periclase  to  the  chromite  diffuses  MgO.  Highly 
significant  changes  taking  place  during  the  firing  are  ob¬ 
served  in  milts,  of  chromite  with  spinels,  oxides,  and  sili¬ 
cates  where  the  spinel  has  the  formula  kRO.RiOi  mRjO, 
and  the  ratio  of  RrOt:  RO  lies  within  the  limits  of  1 .169  and 
1.777.  Tlie  diffusion  of  oxides  from  the  coarse  grains  of 
chromite  to  the  periclase  proceeds  with  the  formation  in  the 
reaction  zone  of  a  series  of  new  compds.:  magnesioferrites. 
spinels  of  complex  compn.,  forsterite,  and  glass.  Out  of 
contact  with  the  grains  of  chromite,  the  periclase  loses  its 
light  brown  color  and  at  the  same  time  its  n  changes  from 
>1.78  to  its  norma!  value.  In  the  finely  ground  mass 
(grain  size  <0.06  ram.),  the  reaction  goes  nearly  to  com¬ 
pletion  to  form  a  sinter  more  chemically  and  miner  alogically 
homogeneous  than  the  chrome-magnesite  products  with 
their  znnal  structure  nnd  highly  heterogeneous  comp  ns 
The  principal  phases  are  (a)  a  modified  chrome-spinei  with 
a  heterogeneous  ervst.  structure  whose  predominant  com¬ 
ponents  are  the  magnesian  spinels  MgO.CrjO,  and  MgO.- 
AitOi,  and  large  amts,  of  the  Fe  spinels  MgO.FeiOi  and  FcO- 
KiOr.  (A)  periclase  with  the  normal  parameters  of  the  cubic 
crystal  lattice,  but  with  variable  as.  New  compds.  formed 
are  (a)  secondary  spinels  with  the  formula  Mg,  Fe*  *  ( Fe  *  *  * 
+  Cr*  *  *,  Ai)iO,.  from  which  is  developed  MgO.FeiOi,  anal¬ 
ogous  to  the  MgO  CriOi  and  MgO.AltOi,  which  are  the 
basic  conversion  products  due  *o  firing  of  chrome-spinel; 
(J)  foisterite.  and  glass  containing  eryxt.  montecellite  and 
inerwinite.  a  Ca  Mg  orthosilicate.  H.  L.  Olin 

Single-crystal  synthetic  garnets.  James  W.  Nielsen 
(to  Bell  Telephone  Laboratories,  Inc.).  U.S.  2,957,827. 
Oct  25.  1960.  From  .i  3  phase  system  consisting  of  PbO, 
FcjOi,  and  Y.-O,  '‘garnets"  are  synthesized  from  a  inixt.  of 
PbO  HO,  I'l'.O,  70.  and  Y.O,  3.5  g.  (healed  in  a  Pt  crucible 
for  5  hrs.  at  13.50”).  Cooling  at  l-5*/hr.  is  recommended 
bc'orc  removal  from  the  furnace.  Other  oxides  sucli  as 
Sai.Oi,  Gd:0,.  or  EriO,  can  be  substituted  for  YsOt. 
Crystals  ranging  from  1-10  inm.  in  size  form.  Prcpu.  of 
SmiFciOn,  (Rl|l'c,On.  YiFciOu.  and  Er,Fc,Ois  is  described; 
as  well  as  crystals  of  a  YFe  garnet  contg.  G»  substituted  in 
part  for  the  Fe.  A.  E.  Alexander 


Somt  reactions  in  the  Li;0-BiO,-AltO:  system,  with 
regard  to  tbs  sintering  of  coruadum  in  the  pretence  of 
lithium  boron  flux.  Miloslav  Bartuika.  Silikdty  4, 147-01 
( 19G0). — Reactions  between  AIjO,  and  lithium-boron  flux 
for  sintering  of  AhOi  in  the  presence  of  a  liquid  pha>c 
were  studied  Flux  contg.  58.1%  B>Oi  and  41.9%  Li;0 
melts  at  2600*.  When  HiBOi  is  fused  with  corundum  at 
a  ratio  12.7%  8,0,87.3%  AbO,  a  compd.  2B,0,.9A1.0. 
is  formed  at  1200-50*.  The  compds.  Li,O.Al:Oj  and  LiiO.5 
AltGj  are  formed  when  LiiCOi  reacts  with  corundum  at  a 
ratio  Li,0: AhOi  up  to  1:5.  Spinel  is  formed  partly  from 
its  components  and  partly  by  the  secondary  reaction  be¬ 
tween  LijO.AbOi  and  free  A  1,0,  and  it  is  enhanced  by  the 
presence  of  F*.  In  the  ternary  LiiO-BiOi-AbOi  system, 
consisting  o.'  80%  coruudum  and  20%  Li-B  melt,  spinel 
Li|0.5AliOi  is  formed  at  650*  and  the  reaction  is  complctul 
at  1000*.  A  small  quantity  of  a  byproduct  2BiO|.9AI.Oi 
is  formed  at  >900*.  The  samples,  pressed  at  1 130  kg./sq. 
cm.,  sinter  150*  lower  than  would  be  apparent  from  the 
dehydration  curve.  The  spinel  is  formed  in  hypidiomorphic 
crystals,  free  of  pseudomorphoses  of  primary  corundum. 
The  study  of  the  reaction  between  AltO,  and  the  Li-B  fluz 
indicates  that  the  LiiO-B|Oi-AliO>  system  is  not  suitable 

as  a  model  for  the  sintering  study  in 

the  presence  of  fluxes.  „  ...  . 

„  C,  Weiner 

Growth  of  single  crystals  of  synthetic  garnets,  ferrites,  and 
orthoferrites  Western  Electric  Co.  Inc.  Brit.  912.799.  l>ec.  12, 
1962.  t.S.  Appl.  May  13.  1960;  8  pp.  To  the  usual  flux  of 
PbO  fur  growing  single  crystals  is  added  B,0..  This  increases 
the  soly.  of  the  oxides  from  which  the  single  crystals  are  formed, 
and  thus  increases  the  yield  and  the  size  of  the  crystals  obtain¬ 
able.  For  max.  soly.  and  min.  horate  formation.  1  part  BrO> 
to  10  parts  PbO  is  used  for  garnets  and  1  to  20  for  spinels  and 
orthoferntes  g  A.  Landry 

Industrial  spinals  prepared  by  the  reaction  (inter  process. 
Gustl  Strunk-Lichteuberg.  Ftrlu.hr.  Mineral.  39.  49-53 
( 1961 );  cf.  Mcycr-Hartwig,  Ber.  Jeut.  keram.  Get.  33. 85-91 
( 195.’.).— Prepn.  of  solid  solus,  of  the  scries  MgAljOi-Mg- 
CriO.  is  described ,  and  m  graph  is  given  of  the  variation  with 
compn.  of  the  unit-cell  sue  in  the  series. 

Michael  Fleischer 


Controlling  the  conditions  of  direction  of  crystallization 
in  growing  Y,Fe,0„  crystals.  V.  A.  Timofeeva  and  R.  A. 

Voskanyan.  Krislolktrafiya  6,  796-9(1901). — The  possi¬ 
bility  of  control  of  the  direction  of  growth  of  YiFeiOu 
crystals  was  investigated  by  thermographic  studies  of  the 
system  l’bO-PbF:-Y,Fc:Oi;.  In  1:1  mists,  of  PbO- 
PbFj.  40%  YiFc,Oii  dissolved  at  1300°.  Rapid  cooling 
crystd.  YjFc.Oir  at  110O°;  a  layer  of  fine  crystals  was 
formed  on  the  surface  of  the  molten  soln.  A  single -crystal 
layer  of  I  might  serve  as  Xcrysin.  seed.  A  soln.  supersatd. 
at  12C0-S00  by  the  addn.  of  YjFciOn  to  a  satil.  soln. 
cooled  quickly  by  30-40°  formed  a  thin  film  of  cryst.  Y,- 
Fc,0|.  Continuing  cooling  at  the  rate  of  2-3” /hr.  to 
1 100”  grew  crystals  only  in  the  rhombic  dodecahedron 
plane  up  to  8-10  mm.  1.  Bencowitx 


Reaction  kinetics  of  solid  aluminum  and  magnesium  oxides  in 
the  formation  of  spinels.  Jan  lllavac  (Client.  Tcclmn).  lluch- 
scliuie,  Prague).  Proc.  Intern.  Symp.  Reactivity  Solids,  4tk, 
Amsterdam  1960,  129-37(Pub.  1 00 1 K in  German).  Tlie  reactinn 
kinetics  of  the  solid  oxides  were  investigated  at  O.VCISOO”  The 
data  followed  the  rate  equation  for  diffusion  in  solids  published 
Lv  Serin  and  EUickson  ( CA  35,  7782”).  The  activation  energies 
were:  U- Al|Oi  107  and  y-AliCi  82  kcal./moi.  The  difference  in 
tlie  activation  energies  of  o-  and  y-AliOi  were  explained  on  the 
basis  of  the  different  products  formed  in  these  reactions.  The 
kinetics  data  of  the  reaction  in  the  case  of  a  simultaneous  crystal¬ 
lographic  inversion  of  the  y  into  theo-modilication  deviated  from 
tbc  rate  law  for  diffusions  iato  spheres.  No  increase  of  reactivity 
>u  observe,  1 .  Rudolf  G.  Frieser 

Method  of  growing  barium  titanate  single  crystals  in 
potassium  fluoride  flux.  Shigeru  Wiku  (Nippon  Tele¬ 
graph  &  Telephone  Public  Cnrp.,  Tokyn).  Koiyo  Kagaku 
/nsslii  63.  21)91-2 1 OiK  I960).  Crystals  for  matrix  memory 
elements  were  grown  from  a  I’t  crucible  of  el.viut  840  ec. 
capacity.  The  no.  of  butterfly-type  twins,  the  growth 
rate  o[  the  crystal  plate  in  the  a •  and  c-axis  directions,  and 
the  niiif'iriiiily  of  the  thickness  of  the  crystal  plate  were 
affectrd  considerably  by  the  heating  conditions  of  the 
crucible  during  the  melting  period..  The  no.  of  such  twins 
and  the  growth  rate  in  the  direction  of  the  a  axis  iacreascd, 
for  the  same  cooling  rate,  with  increase  in  ST  between  the 
bottom  and  top  of  she  crucible  and  the  fluctuation  of  temp., 

T.  In  the  c-.ixis  direction,  the  reverse  was  true  CA 
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Diacuasisn  ra  '*•  crystal  growth  of  barium  titans  ts  souls 
cryaul  ia  KF  flu  Mm.  Shigeru  Waku.  He*.  EUe. 
Ctmmam.  La*.  ( Tokyo)  10.  Sot.  1-2,  1-100802).  Seeds 
nf  butterfly  twias  arc  found  in  the  residua)  powders  of  11a- 
TiOi  raw  material*.  The  cause  ol  the  rapid  growth  n f  the 
!  1 1 1)|  dendrite  is  the  presence  of  a  pair  of  parallel  (111)  twin 
planes  closely  sprerd.  The  esistence  ol  this  pair  o(  (11!) 
twin  planes  was  confirmed  by  orthoscopic  oliservaiioii  under 
crossed  Nicols  in  extinction  position  and  client,  etching  of  the 
cross-section.  Similarly,  the  cause  of  the  rapid  growth  of  '.he 
small-angle  hutterlly  twin  is  the  presence  of  a  pair  nf  'parallel 
( 1 1 1 )  twin  planes  parallel  to  one  of  the  two  ( 1 1 1 1  twii  planes 
of  thia  ‘.win.  Esistence  of  this  pair  of  (111 )  twin  planes  was 
confirmed  by  electron  tnicroscnpy ,  C.  A.  iSnichuo 

Growth  of  yttrium  aluminum  garnet  (ingle  crystal*  R 
C.  Linares  (Bell  Telephone  Labe.,  Murray  Hill,  N.J.). 

J.  Am.  Ceram.  Sec.  45,  1 19-20(  1962). — Single  crystals  of 
YiAliOncan  be  grown  from  molten  PbO-xRtO,  sol  ns.,  where 
x  is  betweeu  0  and  0.36  mole.  The  field  nf  stability  of  Yr 
AUOii  widens  with  increasing  concn.  of  BtOi  in  the  solvent. 
Fe  can  be  substituted  for  various  proportions  of  the  Ai. 

J.  C.  Tailman 

Growth  of  yttrium  iron  garnet  from  molten  barium  borate . 

R.  C.  Linares  (Bdl  Telephone  Labs.,  Murray  Hill,  N.J.). 

J.  Am.  Ceram.  Soc.  45,  307-10(1962).  Y.Fc.O,,  garnet  can 
he  grown  from  solus,  of  Y,Fe,0„  anil  molten  BuO.xBiOi. 
This  solvent  system  has  low  vapor  pressme.  low  d..  and  low 
corrosiveness.  The  aint.  of  Fe  in  the  crystd.  phase  increases 
with  the  amt.  of  B«Oi  in  the  solvent.  Ba  may  lie  replaced 
with  Na,  K.  Fb,  Ca,  and  Sr;  and  BA  may  be  replaced  with 
VA  J.C.  Tallman 

Growth  of  refractory  oude  aiagle  crystals  K.C.  Linares 
(Bell  Telephone  Lab.,  lncorp.,  Murray  Hill.  N.J.).  J. 
Appl.  Pkys.  33.  1747-1X1962).  Various  refractory  oxides 
can  be  crystd.  from  molten  I’bO-I’bFi  and  KuO.-llil'T 
solns.  The  PbO-PbIT  solvent  lias-provrd  successful  for  the 
gmwtli  of  high-iihimina  compds.  including  AI  garnets,  rare- 
earth  or  tliioaliintiiiatcs,  spinels,  magnetopluinbitc-tvpc  alu- 
mi»  ties,  AI  oxide.  and  the  bivalent  nsidcs  BcO  amt  MnO. 
The  BhOr-fliFi  system  was  used  for  the  growth  of  the  ferrite 
GuecO,.  The  liability  ranges  m  these  various  compds.  is 
disrussed  in  aridn.  to  preihlcms  of  doping  and  al'aintmnt  of 
large  single  cry  stills.  CA 

Growth  of  yttrium  iron  garnet  on  e  need  from  a  molten 
salt  aoludcn.  R.  A.  Laudise,  R.  C.  Linares,  and  E.  P. 
Dearborn  ;Bell  Telephone  Lah..  Inc.,  Murray  Hill,  N.J.). 
J.Appl.  Pkyi.  33,  1362-3(1962).  Y  Fe  garnet  was  crystd. 
on  a  seed  crystal  from  molten  BaO.xBtOt,  where  x  is  0.61. 
Two  methods  were  used :  ( / )  slow  cooling  cf  a  melt  in  which 
a  rapidly  rotating  seed  was  suspended,  and  (2)  growth  in  a 
temp,  gradient  where  excess  Y  Fe  garnet  was  maintained 
in  a  hotter  part  of  the  system,  and  a  rapidly  rotating  seed 
was  susiiendcd  in  a  cooler  region.  The  geometry  of  the  fur¬ 
nace,  crucible  baflle,  stirrer,  and  circulator  system  required 
to  produce  controlled  growth  in  each  of  these  systems  is  de¬ 
scribed,  and  the  nature  nf  the  rate-limiting  step  in  each  of  the 
systems  is  discussed.  The  dependence  of  growth  rale  in  the 
| H0|  direction  on  stirring  rate,  cooling  rate,  and  solvent 
wt.  is  presented.  Good  quality  growth  with  rates  as  high  as 
60-75  mil/day  was  achieved  in  favorable  Casey.  CA 
Growth  of  single-crystsl  MgGs.O,  apical  from  molten  PbO- 
PbFj  solutions.  Edward  A  Giess  (Thomas  J.  Watson  Res. 
Center,  Yurktnwn  Heights,  .N.Y.).  J.  Appl.  1’kys.  33,  LI-13 
(1062).  Single  crystals  weighing  1-2  g.  each  have  been  grown 
by  a  technique  similar  to  that  dcvelu|icil  by  Nielsen  (C/I  55, 
•43c).  The  Inst  spincl-produciug  coinpn.  is  12  mole  %  MgO,  8 
GujOj,  40  1*1*0,  and  40  l’bl-T.  Cryst.  products  are  coni|Ki*cd 
principally  of  I’biOI-T,  acicvlar  Mgl-'t,  and  octahedral  MgG.i.O,. 
Molten  solns.  of  MgOiGaiOi  »  12:8  moles  produced  crystals 
with  a  8  284  A.  Solns.  of  MgOiGaiOi  -  8:12  moles  yielded 
crystals  with  a  8.283  A  Liberty  Casali 

Kinetics  of  the  solubility  of  sluminam  in  moltn  fluorids 
salts.  P.  M.  Shurygin,  V.  N.  Boronenkov,  and  V.  I. 
Kryukov.  In.  Vyiskikk  Ucktbn.  Zand  run,  Tmln.  Mel. 

5,  No.  3  ,  50-66(1962).  The  rate  of  soln,  of  walumina  as 
detd.  by  a  rotating  sample  with  equally  accessible  surfaces  in 
molten  fluorides  is  restricted  by  diffusion .  The  riiflutimi 
coefT.  is  of  the  order  of  10"*  sq.  cm. /sec.  and  changes  with 
the  compn.  of  the  melt  Cryolite  has  the  highest  diffusion 
energy  of  activation  nf  all  the  constituents  nf  the  elec¬ 
trolyte:  E o  —  28,100  cal. /mole.  The  Stokes-Einstesn 
equation  is  not  applicable  for  NaF-AIF|  melts,  but  is  suit¬ 
able  for  the  system  3NaP.AIP«-CaFi.  17  references. 

Evan  N.  Dmvidei.ro 


crystals  if  •: ids  garaats.  srthofarritM,  tad  fsrritaa. 
P.  Remeik*.  (>:o  Bell  Telepboae  Laboratories,  Inc.). 
U  S.  3,079,240 (Ci.  23-301),  Feb.  26,  1863,  Appl.  May  13.  !960; 
6  pp.  Single  crystals  of  garnets,  orthoferrites,  and  ferrites  are 
grown  in  a  bus  comprising  PbO  and  RiO,.  The  garnets  are 
MiM'tOi:  or  M,MV 3  .OaV:  M  is  yttrium  or  one  of  the  rare 
elements  of  at.  no.  between  62  and  71  or  a  mist,  of  (hear  rare 
elements  with  each  other  or  Y;  M'  is  tri valent  iron  or  tri valent 
ir  m  mixed  in  part  with  Ga,  AI,  Sc,  Cr,  or  Co,  M*  may  in  genera) 
be  a  t rivaled  metal.  To  prep,  garnets,  weighed  amts,  of  UA, 
M'iOi,  PbO,  and  BiOi  (ratio  of  BtOi  to  PbO  preferably  1 : 10)  are 
heated  at  1300*  for  8  hrs.,  cooled  at  the  rate  of  2*/hr.  to  the 
re-solution  temp.,  the  liquid  ia  poured  off,  and  the  crystals  re¬ 
maining  in  the  crucible  are  permitted  to  cool  to  room  temp,  ia 
about  an  hr.  The  flus  residue  Is  removed  from  the  crystals  by 
dil.  HNOi.and  the  crystals  are  washed  with  boiling  water  and  air- 
dried  at  room  temp.  Thus  prepd.  were  YiFctOn,  GdtFeAs, 
GdtGatOii,  Yb,Fe,0„,  (Y.ErbVe/),,.  and  Y^Cm-wFe,.*)©,,. 
The  rare  earth  metal  orthofurites  and  the  ferrites  are  preferably 
prepd.  with  a  flus  ratio  of  1:20.  Thus  prepd.  were  YFeGi, 
LaFeOi,  and  HoPeO.,  NiFeA,  MgFtsO..  and  Mg(Al,Fe)0.. 

M.  G.  H-mset 

Growing  crystals  of  corundum  from  solutions  of  mo  ten  ls»5 
fluorida.  V.  A.  Timofeeva  and  K.  A.  Voskanyan.  Krutalla- 
t'n/na  8.  293-fii  ifi«3);  cf.  C/1  56.  95145.  Tin-  snly.  ..f  A  1,0, 
in  I'bF,  increased  (mill  a  fraction  nf  a  percent  at  KWs*  tn  4! It, 
at  IL'Sn*.  Crystals uf  corundum  grown  front. PbFi  at  I2d0  IIRXF 
t-vhibin-d  a  piiiaroiri  plane  (0001)  anil  2  rhoinliohrilr.il  planes 
(lol  I  -  and  ,2021 )  In  the  presence  of  Cr,0,  as  an  impurity  the 
crystal  w,i»  red  colored.  The  piuacoid  plane,  growing  al  the 
slowest  r.n-.-,  abvirbeil  most  of  tlir  C riO, ,  coneg.  the  color  in  tin- 
center  nf  the  crystal.  In  rapidly  grown  crystals  12-farrd  pyramids 
p>r|n-iidienLir  ti>  tile  basal  direction  were  clearly  develo|n-il . 
Thin  plates,  up  to  I  sq.  cm.,  fomird  from  the  vajior  phase  in 
the  iipm-r  part  of  tin  erueihle  or  on  the  cover.  These  were 
pill-cold  planes,  homogeneous,  free  of  impurities,  with  an  ideally 
eve i,  surface.  GBJR 

1  Conmdum  crystals.  Genera]  Electric  Co.,  Ltd.  (by  Erie 
A.  D.  While).  Brit.  935.390.  Aug.  28.  1963.  Appl.  Dee.  20. 
1960;  4  pp.  A  method  of  moaufg.  corundum  crystals  which 
comprises  melting  up  to  85  mol.  %  of  PbF,  mixing  m  powdered 
AlfOi,  heating  the  mist,  to  1150-1300''  in  a  dosed  vessel  which  ia 
evsruatrd  during  the  heating  process,  cooling  the  wilr..  at  a  rate 
ol  1-2*  per  hr.  to  the  m  .p.  of  1’bP,  and  thereafter  more  rapidly  to 
rioni  temp.  The  mist,  of  PhF,  and  Al«(b  may  be  colored  with 
chromate  or  dichromatc  ions  and  inay  be  seeded  with  acorumUnn 
crystal  to  produce  relatively  larger  crystals.  C.  J.  Annrga 
Role  of  P  in  growth  of  BeO  single  crysula.  h.  B.  Aiisi-.-rm.iu 
tAtomies  Intern..  C.iimg.i  Park'.  Calif.).  V.S.  At.  Energy 
C.-imihi.  NAA-SR-8261  111  jiji.i  KHsI).  BeO  single  crystals  were 

grown  u.  iiiollcn  l,i  M..O,-  Mi.-O,  as  solvent  flus.  Addii.  ,4  I* 
to  ;lic  line,  in  ll.c  !..r::;  <4  l.il'O.,  lip  to  several  |H-rcent  ci.usn! 
unique  crystal  habit  u.o,iij;catioiis.  'I  he  evttiil  of  die  iianlilic.i- 
tioiis  depends  on  line  Coinpn..  temp.,  ami  P  Corn'll,  (ieiier.il  mil 
of  iuchisious  is  markedly  suppressed.  P  content  ill  crystals  was 
detd.  h\  tracer  methods.  Werner  E.  I..  Haas 

Preparation  of  crystalline  BaTiO,  ingots  from  mat's  in  en  at¬ 
mosphere  of  oiygen  li.  V.  Ilursiail  and  N\  P.  Smirnova  (A.  I. 
-I-,  u  State  I'niv..  l.rniugrad  I.  Knstallr.^ra/iyn  8(5 1,  799- 
I'-iili.  Crysi.  ingots  n(  llaTjO,  were  prepd.  in  a  s|noi- 
;.v -l.nilt  1HUI*  furunee.  '1  in-  tt-udeiiey  to  form  a  single  rr\  st.-d. 
.firing  s..lidilicatiou  of  ItaTiO,,  under  a  high  temp  gr.ulii-iit,  is 
I  ■i.l.i.ai.n'i  .  an  L  enuseqiiently.  ingots  of  large  si/es  are  single 
,  r, slats  ,,r ,  at  higher  rates  of  cooling,  | - ilycr 1st.  *Phe  diuieiisious 

.alia  iiig.as  obi.iir  I  ( 22  X  8  X  I  min.)  were  limited  lit  the  do 
-in  itsioiis  .a  die  fnni.iee  itself.  The  samples  hail  •  '.lx; 

a  -  >'  I11’  at  a  fri  queiiee  of  50  eycles/sc-e.  for  an  •■|itiii!iiiu  held 

»..’i  ige,  /:  -  2  s  kv  eiu  al  20*.  For  low  fields  ill. I  kv./em.), 

,  .’a i re.ea-d  by  I  older  The  Curie  |>oirit  was  (HA  x  2*i;  the 
i.i.iu-  of , . 1 1  this  jioml  in  a  weak  lielil  (11.13  kv  /cm.)  w,iserpi,il  in 
*.1'*!  The  vol.  electroeoiiil.  of  the  ingot  was  of  the  same  order 
,  tin  o-r.iiiiK-s  of  die  s.inie  cimipn  lean  Plainoiidoii 
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PrmaratiM  *f  eiwgt*  cryttala  ti  yttrium-iraa  garnet  la  molt** 
TF,  WiWhHwi.  Mute  Sato  and  Sliumprt  Hukuda  (Tokyo, 
Inst.  TtchnoL,  Japan).  Kojm  Kyokai  Ski  71(1),  A-Rfl9fi.fi 
Sidy,  data  nl  YA  in  YFj  wore  nbtp.iaed  by  diffciential  thermal 
analysis  in  Ar  and  those  of  Pc  A  in  PbF,  in  air  byeliein .  analyv> 
of  quenched  specimens  Mixts.  of  ViOi  and  l-'eA  were  die. 
solved  in  VFs-PbFt  at  I3HO-I3SO*  and  crystals  of  the  vweallo: 
Y-Fe  carnet.  Y.PcAv  were  obtained  by  cocJing  the  soln  at  a 
rate  nl  4-10* /hr.  K.  Yamasaki 

Caraeta.  Janies  W.  Nielaen  (to  Bell  Telephone  Labor*- 
t-ews.  Inc.).  U.S.  i.041  .540(0  108-42),  May  28.  1863.  Appl. 
\i.<  25.  1958:  2  pp.  Division  of  U.S.  3,040,407  (CA  57. 

I  laj.wl.  Single-crystal  Ga  Y  garnets  are  prepd.  in  a  Pt  crucible 
at  \I4iW*,  by  using  a  But  contg .  PbFi  and,  in  some  cases,  PbO. 
Small  amts,  of  certain  metal  oxides,  such  as  CriOi,  Co,0,.  TiOi. 
Mu)),,  NiO,  <«  I'rA.  are  added  to  color  the  garnet.  Thus,  24 
t  V;I  V  4*  x  G»A.  180  I  PbF,,  I  Of)  g.  PbO,  and  2.4  g.  CrA 
air  braird  4  hrs.  at  1240*.  cooled  at  l*/hr.  to  840*.  then  al¬ 
t-wed  tn  eiNil  to  room  temp.  Contents  are  leached  with  a  mixt. 
■4  dil.  UNO,  and  AeOH  to  dtsaolvc  the  lux.  Garnet  crystals 
airgri-m.  R.  D.  Gillen 

Flu  growth  of  ckryao beryl  and  alexandrite  It.  F.  Farrell 
ami  J.  II.  Fang  (Mass.  Inst,  of  Trchnol  ,  Cauibrblgc).  J ■  ,4m. 
Ceram  A,*.  47(b),  274  lit  1  .4 !  Crys(.ds  o!  eltrysnln-ryl  (Air 
BcO,)  (I )  ami  alexandrite  AljlfcO,  Cr)  ( II 1  were  grown  in  lengths 
from  It. I  to  lo  min.  hy  tin-  tin n-iiis-lt  uiriluid.  Soit.ililr  starting 
rumpus  win-,  for  I  I'liO  (ai  l,.  Al/ 1,  Ill.T,  and  Br<>  111. 7  mol,  * ,  . 
for  II  l.iiMnO.,  40.4  Ml  A  »».».  A1A  Cr  4.5,  mi.l  llrd  4.5  nude 
rr-  More  wrnrk  is  required  to  prialuce  large  crystals  of  latter  crys¬ 
tallographic  quality.  J.  C.  Tallman 

A  naw  aeries  of  spinels  of  the  selanides  of  yttrium,  scandium 
and  rare  earths.  Mich  rime  Guittard,  Charles  Souleau.  am: 
llavsvu  1-arsain  (Far.  Pliarm.,  Paris).  Cam  pi.  Ktr.d.  250,17. 
2S47  (X  1964  KFr).  The  iorination  of  spinels  of  formula  Mf.;Sc„ 
wlicrs-  M  is  Mg.  Mn,  or  Fc  and  L  is  one  of  the  rare  earths,  V.  ut 
S>\  was  investigated.  Contrary  to  earlier  work  on  M  1..S 
( Patrie,  el  «/.,  Cl  60.  15416,1).  where  Yh.  Lu.  and  Sc  were  .7. 
found  to  form  spinels  with  all  3  M's,  and  Tin  with  .Vlg  and  Mn 
only,  no  l-Y  spinels  were  found  with  Sc.  Mg  formed  spinels  nil,, 
all  but  Oy,  Mn  only  with  Yb,  Lu.  and  Sc.  X-ray  data  show 
normal  spinels  with  a  «  0.38(1  a:  0.003.  S-  Goldwassc-  - 

Growth  of  garnet  laser  crystals  KoU-rt  C.  Linares  (l'crkin* 
ICIiuer  C*wp..  Norwalk.  Conn.).  Solid  Stale  Cnmmun.  2(H). 
221)  UK  l’.'ni Single  crystals  of  garnets,  Gil.Ga.O,.  .  I  and 
Yi.U.I  K:  ill.  either  pure  or  <  loped  with  other  rare  earths  and  Cr. 
were  grown  hy  the  C/oehr.i!>ki  technique  at  rates  of  ci;  nun. /hr. 
Crystals  ,,f  1,  ID  iittn.  hy  40  iiiui.  long,  were  easily  grown  in  air 
from  Ir  crucibles.  Air-annealing  at  1450*  for  111  hr...  followed 
hy  eooli.-ig  t:>  room  teinji.  at  IdilVltr.,  allowed  (lit  ir  fabrication. 
if  was  grow  n  in  Ar  atm.  to  avoid  Ir  vaporization  and  annealed  in 
Ar.  vacuum,  or  an  O-gas  alnt.  Crystals  «>i  1  and  nt  otlicr  Ga 
garnets  when  grown  in  Ar  atm.  were  nt  p<„»r  quality,  subject  to 
severe  cracking,  ami  full  of  cloudy  inclusions.  I  melted  eongru- 
cntly  in  air  at  1825*  x  25,  however,  in  reducing  or  neutral  (Ar) 
atm.  it  gave  white  fumes  on  melting,  apparently  due  to  redo  ni 
GaA.  The  garnets  growm  were  gciier..ilv  very  strong  and  suf¬ 
fered  no  ultraviolet  damage  during  cAcitatmii.  Laser  action 
ee.  s  observed  in  the  crystals  of  (LI.  ,.N.I  .  ('.a.O  .  at  1  on  12  a 
(air).  The  users  evliihtlcel  very  low  threshold  and  low  beam  di¬ 
vergence.  (’,.  Arav.iiuud.oi 

Growth  defect*  in  flux-grown  nibin.  K.  R  Janowski,  E.  J. 
Stofcl,  and  A.  B.  Chase  (Aerospace  Corp.,  El  Segundo,  Calif.). 
NASA  Accession  No.  N64-318J5.  Rept.  .No,  AD  448467.  Avail. 
CFSTf,  22  pp.(  1964 X Eng ).  Rub/  crystals  of  exceptional  opti¬ 
cal  quality  were  grown  from  fluxes  composed  of  BiA  +  PbFi  or 
BiA  +  BiFj.  Careful  control  of  growth  conditions  was  re¬ 
quired  to  minimize  the  no.  of  growth  defects  consisting  primarily 
of  dislocations,  entrapped  flui,  and  growth  twins.  Slow  growth 
rates  coupled  with  the  addn.  of  small  amts,  of  LaA  as  f  Aur 
dopant  were  helpful  in  producing  nearly  perfect  crystals.  Cr 
tonens.  up  to  1%  were  incorporated  into  these  crystals  without 
adversely  affecting  their  perfection.  Crystals  up  to  10  mm.  in 
diain.  having  as  few  as  1  —10  dislocations  per  crystal  were  typical 
of  those  produced  under  optimum  growth  conditions.  Under 
these-  same  conditions,  entrapped  flux  was  eliminated,  and 
growth  twins  were  cither  eliminated  or  reduced  to  1-3  twin 
boundaries  per  crystal.  From  Sri.  Tech.  Aerospace  Rep l.  2(23), 
3448(1904)  TCSL 

Growth  of  oxida  crystals  by  tho  flux  mathod.  Michael 
Scheiber  (Harvard  Univ.).  J.  Am.  Ceram.  Soe .  47(10),  537-8 
,1964).  Directions  are  given  for  the  growth  of  large  oxide 
crystals  by  the  flux  method,  with  emphasis  upon  the  growth  of 
Sm,Ga.O„  by  using  PbO-PbP,asthe  flux.  J.  C.  Tallman 


Flux  growth,  Csochraloki  growth,  and  hydrothermal  synthesis 
of  UGeOt  stogie  crystals.  J.  P.  Rrmeika  and  A.  A.  Ballmat 

(Bril  Telephone  lathe..  Inc  ,  Murray  Hill.  N.J  ).  Appl.  Pkyi. 
Isttrrs  5(9),  180  l(  1964  K  Eng).  Optimum  conditions  for 

growth  from  a  flux  arc  given.  Crochralski  growth  methods 
producing  crystals  Xl.Scm.  indiam.  and  5  cm  long  arc  described. 
Hydmthrrmal  growth  of  LiGaOj  by  using  aq.  solus,  nf  LiOII  and 
NaOH  at  the  solvent  yields  larger  single  crystals 

P  V.  Cheney 

Suhati  tutsan  of  a  lamia  am  tad  gallium  ia  siaglo-crystal  yttrium 
iron  garaetc.  Robert  C.  Linares  (Perkiu-Elmer  Corp.,  Nor¬ 
walk,  Conn.).  J.  Am.  Carom. Soc.  48(2), 68-70(1965).  Single 
crystals  of  Y-Fe  garnet  with  substitutions  of  A1  and  Ga  were 
growu  from  fluxes  by  both  the  slow  cooling  and  the  gradient 
technique.  Crystal -.  grown  by  How  cooling  were  badly  segie- 
tated  with  respect  to  Ai  aad  Go  coo  tents,  whereas  gradient- 
grown  crystals  were  very  uniform.  The  gradient  method  per¬ 
mits  holding  tbe  substitution  coeff.  of  the  substituting  ion  const, 
by  keeping  growth  at  a  const,  temp.,  by  satg.  the  flux  with  re¬ 
spect  to  both  the  substituent  and  Fe.  and  by  keeping  an  excess 
of  nutrient  of  the  desired  compn.  J.  C.  Tallman 

Growth  of  rara  oarth  achoolitaa  hy  tho  flux  method.  Michael 
Sc  hither  (Harvard  Univ.).  loot  g.  Cham.  4(6),  782-3(1904) 
(Eag).  By  using  the  phase  diagrams  previously  detd.,  rare 
carth-acheelite  single  crystal*  were  grown  in  Pi  crucibles  by  cool¬ 
ing  from  the  annealing  temp,  at  0.5*/hr.  The  following  crys¬ 
tals  were  grown:  SrMo04.  transparent,  unit  cell  vol.  343.631  A  ; 
Sri.»Gd<.|MnO(<  yellow  shade,  333.086;  Sr..iEii..,MoO,,  dark 
purple,  332.234;  N'a..,Pr,.,MnO,,  deep  green.  325.5H9;  N.o.,- 

Tme  iMoO,.  yellow  shade.  303.390;  X.q.Dy.  .MoO,,  light  green. 
307.455;  Xa«.iDy«.4Tc04,  yellow  green.  319.81 1 ;  Lii.ilJys.iTeO:, 
yellow  green,  300.372;  and  LwiDyvtMoO,,  green  shade,  200.915. 
Charge  compensation  in  the  Sr-Cd  and  Sr-lfli  materials  is  ob¬ 
tained  by  lower  valency  of  Mo.  The  vol.  contraction  ol  the 
Khetlite  crystal  increases  with  the  at.  no.  of  the  rare  earth  ion. 

A.  Lcfllcr 

Singla  crystal  growth  of  transition  metal  oxides  from  poly- 
tungstate  fluxes.  W.  Kunnmann  (Brookhaven  Natl.  Lab. 
L'pton,  N.Y.),  A.  l-'crretti.  R.  J.  Arnott,  and  D.  B.  Rogers 
J.  Pkys.  Chcm.  Solid s  26(2),  31  l-14(1065XFng).  Single  crys¬ 
tals  of  M)*CrA.  M^FcjO,,  v-herc  M”  is  a  transition  tor 
alk.  ear’.ii)  ion,  ami  the  garnet  Y|l-CiOn  were  grown  from  tile  flux 
system  (t  —  x)N.i-\VA— xNajWOi,  where  12x5  0.  In 
addr.,  single  crystals  of  the-  system  Coi.*Yi_iO«  (where  I  5 
1  >  0)  were  pre]xl.  by  electrolysis  of  CoO— V'A  mixts.  dis¬ 
solved  in  a  suitable  Na  polytungstatc  flux.  The  phase  bound¬ 
aries  present  in  the  CoCrA  —  N'aiWA  —  NatW04  system  were 
detd.  and  a  general  discussion  is  made  of  a  soln.  process  tor 
transition  metal  oxides  in  a  Na  pyrotungstate  flux  that  is  formu¬ 
lated  upon  Lewis  acid-base  theory.  KCKII 

Composition  diagr-ime  for  cryetal  growth  from  moltct;  oxides. 
M.  Scliieher  (  1  farvard  Univ.).  J.  Inarg.  Sue!.  Client.  27,3), 
5,VI-7(  1005X Eng).  Compn.  diagrams  showing  approx,  boun¬ 
daries  in  which  various  crystals  can  lie  grown  were  detd.  in 
■evcr.nl  systems  far  several  heating  temps.  These  systems  in¬ 
clude-  MoO,-GaiOj— 7m:Oi  >  PbO/PbFr-GatOi-SoiiOi,  PbO/Pb- 
1'irFcA-SmA.  BiOr-FciOj—LiiO,  and  MoOr-GdiOr-NaiO. 

RCJX 

Van  Uitert,  L.  G.  ,  Grodkiewicz.  and 
Dearborn,  E.  F. ,  "Growth  of  Large  Op¬ 
tical-Quality  Yttrium  and  Rare-Earth 
Aluminum  Garnets.  “  T.  of  The  American 
Ceramic  Society.  Vol.  48,  No.  2, 
February  1965. 

•v.-.  improved  f,ux  consisUr.j;  o;  PbO-PbFj  and 
2.0j  Wis  developed  for  the  growth  of  garnets. 
R-i'e-ei.-.h  aluminum  garnet  e;:ystJs  weighing 
in  excess  of  ICO  g  and  mocifieo  yttrium  aium.- 
.oum  garnet  crystals  weighing  up  to  60  g  were  ob¬ 
tained  using  this  flux,  Le„d  contamination 
was  reduced  to  noncriticai  levies  in  these  crys¬ 
tals  by  working  with  large  excesses  of  Al;0j  in 
the  melt.  Excellent  optical  quality  has  been 
produced  as  indicated  both  by  visual  examination 
and  by  outstanding  laser  performance. 
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A  study  has  been  made  of  the  solution  variables,  crystal  constants,  and  system 
parameters  which  control  the  growth  of  large  perfect  crystals  of  refractory  oxides 
from  fused  salt  solvents.  A  set  of  formulas  have ^een^devel oped  for  the  prediction 
of  growth  conditions  from  these  fluxes.  Cooling  ’•ates,  thermal  gradients,  stirring 
rates,  and  container  dimensions  have  been. considered  as  system  parameters. 
Solubilities,  diffusion  constants,  viscosities,  interfacial  surface  energies, 
solution  and  crystal  densities,  and  solute  radii (have  been  considered  as  indepen¬ 
dent  variables.  The  formulas  have  been- applied  to  the  prediction  of  crystal 
growing  conditions  for  the  production  of  sapphire  and  ruby  from  a  lanthanum 
fluoride-aluminum  oxide  flux.  The  study  included  experimental  determinations  of 
the  densities  and  viscosities  of  the  lanthanum  fluoride-aluminum  oxide  flux  and 
experiments  upon  the  solubility  of  aluminum  oxide  in  this  flux. 

Results  from  the  program  indicate  that  past  and  present  difficulties  with  the  fused 
salt  technique  of  crystal  growth  have  been  caused  primarily  by  hydrodynamic 
factors  which  may  be  overcome  by  detailed  planning  of  experimental  growth 
conditions. 
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